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ABSTRACT 


The  effects  of  notches  oh  the  tensile  strength  of  brittle  materials  were 
determined  experimentally,  and  the  Weibull  volume  theory  was  used  in 
conjunction  with  Neuber  stress  distributions  to  examine  the  results.  The 
experimental  portion  was  performedon  a  gas-bearing  tensile  facility.  The 
primary  material  used  was  hot  pressed  alumina  made  by  Avco.  The  effects 
of  notches  on  graphite  were  alsoinvestigated  to  a  lesser  degree. 

The  results  showed  that  notches  affected  the  nominal  strength  of  alumina 
considerably  and  that  for  severe  notches  the  effect  was  greater  for  larger 
specimens.  The  failure  stresses  predicted  by  the  Neuber  analysis  were  in  fair 
agreement  with  the  strengths  predicted  by  the  Weibull  volume  analysis  when 
the  volume  v/as  defined  as  that  encapsulating  the  material  subjected  to  50  percent, 
of  the  peak  stress.  It  is  postulated  that  irreversible  damage  occurs  at  above 
50  percent  of  ultimate  for  these  types  of  materials.  This  event  may  permit 
local  stress  relief.  At  the  roots  of  the  notches,  theoretical  strengths  of  over 
80, 000  psi  were  obtained.  Nominal  tensile  and  flexural  strengths  on  regular 
specimens  were  of  the  order  of  42,000  psi  and  36,000  psi,  respectively,  for 
the  minimum  volumes  tested.  Evidence  was  obtained  that  the  fracture  source 
may  exist  internally  on  this  material  at  surface  finishes  finer  than  25  rms. 

Notches  also  reduced  considerably  the  strength  of  graphite  at  70°F  and 
4000°F,  but  not  at  5000°F,  where  the  effect  of  the  stress  concentration  was 
negated  by  the  "ductile  like"  behavior  of  the  material. 


This  abstract  is  subject  to  special  export  controls  and  each  transmittal 
to  foreign  governments  or  foreign  nationals  may  be  made  only  '«ith  prior 
approval  of  the  Metals  and  Ceramics  Division  (MAM),  Air  Force  Materials 
Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio  45433. 
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INTRODUCTION 


This  is  the  final  summary  report  under  Contract  No.  AF33(615)-1690 
Modification  No.  5 A  5(67-623)  to  extend  the  research  on  the  experimental 
clarification  of  Weibull’s  volume  effect  theory  on  brittle  materials  and  include 
notch  effects.  The  alumina  specimens  for  this  program  were  prepared  from 
the  end  sections  of  specimens  used  under  an  earlier  program  reported  in  AFML- 
TR  -66-228.  This  alumina  was  a  hot  pressed  material  prepared  by  Avco.  AT J 
graphite  was  used  to  study  the  notch  effects  on  a  semibrittle  material  and 
provide  a  guide  to  the  study  on  alumina. 

The  gas-bearing  was  used  for  all  tensile  evaluations.  The  flexural  apparatus 
used  in  this  work  was  designed  to  eliminate  all  major  problems  in  flexural 
measurements  such  as  friction  at  the  load  points  and  misalignments.  Twenty- 
seven  roller  bearings  were  used  in  the  design.  As  a  result  of  this  care,  it  seems 
that  better  agreement  between  tensile  and  flexural  results  was  obtained. 

The  program  essentially  was  divided  into  two  phases.  Phase  I  was  the 
continuation  of  a  study  using  ATJ  graphite  to  determine  the  effects  of  notches 
on  graphites  and  to  provide  information  on  the  number  of  specimens  required 
to  forecast  accurately  an  average  ultimate  strength,  standard  deviation,  and 
coefficient  of  variation.  Investigations  were  also  made  into  the  effect  of  specimen 
lot  size  on  the  Weibull  parameters.  The  results  of  the  Phase  I  study  showed  that 
notches  did  effect  appreciably  the  strength  of  the  graphite  at  70°F  and  4000°F, 
but  that  at  5000°F  (where  the  material  is  more  plastic)  the  effect  of  the  notch 
was  reduced  considerably.  The  results  of  the  study  to  determine  the  number 
of  specimens  needed  to  characterize  statistically  the  tensile  strength  of  graphite 
showed  that  30  specimens  could  be  used  with  good  accuracy  and  that  more  than 
30  did  not  increase  appreciably  this  accuracy.  As  few  as  5  specimens  would  be 
sufficient  for  many  applications. 

Phase  II  of  this  program  was  the  study  of  notch  effects  on  alumina.  To 
carry  out  the  intents  and  purposes  of  this  part  of  the  program,  alumina  specimens 
of  two  different  sizes  were  usad.  There  were  48  small  and  53  large  ones.  Notches 
with  two  different  surface  finishes  were  machined  into  these  specimens  to  provide 
stress  concentration  factors  of  3,  5,  and  8  for  each  size.  To  aid  in  reducing 
the  data,  10  uniform  tensile  specimens  with  two  different  surface  finishes  and 
20  flexural  specimens  with  two  different  surface  finishes  were  evaluated.  The 
surface  finishes  of  the  polished  specimens  were  about  8  rms,  and  the  as  ground 
specimens  had  a  finish  of  about  25  rms. 


Results  of  the  Phase  II  investigations  showed  that  notches  did  affect  the 
strength  of  the  alumina  specimens.  Reasonable  agreements  were  obtained  between 
the  Neuber  stresses  in  the  notched  specimens  and  the  Weibull  strengths  found  for 
the  uniform  tensile  specimens  as  reported  in  AFML-TR -66-228,  That  is,  stresses 
as  high  as  80,000  psi  were  imposed  on  volumes,  where  the  Weibuli  analysis  pre- 
dieted  strengths  of  about  110, 000  psi. 

For  the  notches,  it  was  necessary  to  define  a  volume  subjected  to  a  given 
stress  or  stress  range  in  order  to  interrelate  the  Neuber  stress  and  Weibull 
strength  analyses.  For  a  first  comparison,  the  volume  was  selected  from 
geometric  considerations  as  the  material  outlined  by  extensions  of  the  sides  of 
the  notches.  With  this  assumption,  the  agreement  between  the  Neuber  stress 
and  the  Weibull  strength  was  poor.  However,  the  agreement  became  much 
better  when  the  volume  was  defined  as  that  material  subjected  to  half  of  the  Neuber 
peak  stress.  Since  other  work  here  had  indicated  that  aluminas  and  beryllias 
had  a  "damage  stress"  at  about  50  percent  of  the  ultimate  strength,  this  method 
of  defining  the  volume  seemed  consistent.  A.  tensile  specimen  of  this  alumina 
was  then  cycled  at  increasing  stress  levels  and  broke  when  the  cyclic  stress 
reached  55  percent  of  normal  ultimate.  Perhaps  this  is  a  fortuitous  agreement, 
but  it  provided  confidence  in  the  method  of  selecting  volume.  As  further 
confirmation,  this  treatment  of  volume  for  the  flexural  specimen  provided  con- 
sistency  with  the  curve  obtained  for  strength  versus  volume  for  the  tensile 
specimens.  A  brief  study  of  surface  finish  was  made  on  the  notches  and  regular 
specimens.  Improving  the  finish  from  25  rms  to  5  rms  had  little  influence  on  the 
strength  of  either  suggesting  that  the  fracture  may  be  initiating  internally  for  the 
finer  finishes  as  has  been  hoped  for  this  program.  Earlier  work  had  shown  that 
surface  finishes  rougher  than  30  rms  did  reduce  the  strength  appreciably. 

Normally,  standard  deviations  should  be  plotted  on  curves  relating 
variables.  In  this  report,  this  procedure  was  not  followed  because  most  figures 
contain  either  the  data  points  or  comparison  of  so  many  averages  that  the  symbols 
for  standard  deviation  confused  the  appearance.  The  important  standard 
deviations  are  in  the  text  or  tables. 


APPARATUS 


Tensile  Apparatus 


All  of  the  tensile  runs  were  performed  in  a  gas -bearing  tensile  facility. 
A  typical  facility  is  shown  in  Figure  1.  The  facility  consisted  primarily  of  the 


load  frame,  gas-bearings,  load  train,  mechanical  drive  system,  and  instruments 
for  the  measurement  of  load-time  to  failure.  A  5500°F  graphite  resistance 
furnace  was  used  to  provide  heating  for  the  high  temperature  evaluations. 

Load  Frame  -  The  load  frame  was  similar  to  most  standard  tensile 
frames  with  some  modifications  to  accommodate  the  gas-bearings.  Four 
steel  columns  supported  the  top  and  bottom  base  plates.  These  base  plates 
contained  sleeves  and  journals  to  align  the  upper  and  lower  crossheads.  A 
centrally  located  journal  in  each  base  plate  accepted  a  partially  threaded  column 
of  a  precision  mechanical  screw  jack  which  was  secured  to  the  base  plate  and 
imparted  motion  to  the  crossheads.  The  crossheads  supported  the  gas-bearings 
and  the  load  train. 

Gas-Bearings  -  Spherical  gas-1  tarings  were  employed  for  the  tensile 
evaluations.  Each  bearing  had  a  diameter  of  about  9  inches.  This  size  bearing 
is  sufficient  to  provide  a  load  capacity  of  15, 000  pounds  when  an  effective  pressure 
of  approximately  1200  psig  is  maintained  within  the  annulus  supplying  the  bearing 
nozzles.  Gas  is  supplied  by  means  of  a  manifold  of  eight  commercial  nitrogen 
cylinders  controlled  by  a  high  capacity  regulator. 

This  gas  was  metered  by  a  conventional  orifice  run  that  incorporated 
flange  taps  and  a  differential  pressure  gage.  In  order  to  control  flow,  a  hand- 
operated  valve  to  each  bearing  was  provided  downstream  of  the  meter  run.  Bleed 
valves  also  were  provided  to  release  the  pressure  on  the  gas  lines  and  to  float 
the  bearing  with  a  maximum  control  sensitivity.  Flexible  hoses  were  used  as  the 
link  from  the  piping  to  the  gas-bearings.  These  hoses  imposed  no  external  force 
on  the  specimen  since  they  were  not  attached  to  the  floating  part  (ball). 

Flowmeters,  pressure  gages,  electrical  indicators  to  warn  of  bearing 
contact,  and  other  instruments  were  provided  as  necessary  and  were  chosen  for 
their  ability  to  provide  accurate  data  while  not  encumbering  the  facility. 

Load  Train  -  The  load  train,  see  Figure  2,  consisted  of  pull  rods,  load 
cell,  and  specimen  grips.  A  standard  1000  pounds  SR -4  Baldwin,  type  U-l  load 
cell,  stated  by  the  manufacturer  to  be  accurate  within  +  percent  of  capacity, 
was  used  for  testing  the  graphite  and  small  alumina  specimens.  This  load  cell, 
as  received  from  the  manufacturer,  caused  misalignments  within  the  load  train 
and  bending  stresses  within  the  specimen.  These  misalignments  were  caused 
by  an  off-center  weight  in  the  load  cell  and  by  the  failure  of  the  threaded  holes 
in  each  end  to  align  on  a  common  centerline.  The  off-center  weight  was 
balanced  by  a  counter-weight  and  the  misalignment  of  the  centerlines  of  the  holes 
was  corrected  by  machining  special  adapters  for  the  holes. 
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The  load  cell  for  the  large  alumina  specimens  was  made  by  placing 
strain  gages  on  the  steel  pull  rod  from  the  upper  gas- bearing.  These  strain 
gages  were  calibrated  in  a  standard  Tinius -Olsen  facility  using  also  a  standard 
Baldwin  SR-4  5000  pounds  load  cell  as  a  check  up  to  5000  pounds. 

Two  types  of  grips  were  used  on  this  program.  For  the  graphite  and 
uniform  tensile  specimens,  a  collet-type  grip  was  used;  see  Figure  3.  As  the 
compression  nut  was  advanced,,  the  three-piece  compression  ring  performed 
two  functions.  It  moved  into  the  groove  in  the  test  specimen  providing  the 
gripping  force  required  and  uniaxial  alignment  while  also  forcing  together  the 
ground  end  faces  of  the  test  specimen  and  extension  rod  to  provide  parallel 
axial  alignment.  Consideration  of  this  grip  design  and  observation  of  the  per¬ 
formance  confirmed  that  alignment  was  a  function  only  of  the  precision  to  which 
the  parts  were  machined. 

Because  of  the  necessary  size  of  the  notched  alumina  specimens,  special 
grips  were  used.  These  grips  were  sleeve -type  precision  grips.  Those  ends 
of  the  grips  which  accepted  the  pull  rods  from  the  gas-bearings  were  machined 
to  within  0. 0005  inches  of  the  diameters  of  the  individual  pull  rods,  and  the 
connections  between  the  pull  rods  and  the  grips  were  made  with  inch  steel  pins. 
The  other  ends  of  the  grips  accepted  sleeves  that  had  been  epoxyed  onto  the 
shanks  of  the  specimen.  These  sleeves  were  machined  to  concentricity  within 
0. 0005  inches  and  the  inside  diameter  was  machined  0. 001  inches  over  the  size 
of  the  specimen  to  allow  for  a  thin  epoxy  film.  The  connections  between  each 
sleeve  and  the  grip  were  made  with  %  inch  steel. pins. 

Mechanical  Drive  System  -  Separate  mechanical  drive  systems  were 
provided  for  the  upper  and  lower  crossheads.  The  mechanical  drive  system 
for  the  upper  crosshead  consisted  of  a  simple  reversible  electric  motor  coupled 
to  the  mechanical  screw  jack.  The  electric  motor  can  be  seen  on  the  top  base 
plate  of  the  load  frame;  see  Figure  1.  Push-button  control  switches  (jog  or 
non-holding)  were  mounted  on  the  load  frame.  This  system  had  a  rather  fast 
rate  of  travel  and  was  normally  used  in  positioning  the  load  train  for  installation 
of  the  specimen. 

The  mechanical  drive  system  for  the  lower  crosshead  consisted  of  a 
precision  mechanical  screw  jack,. chain  driven  by  a  gear  reducer.  The  gear  re¬ 
ducer  was  driven  by  an  Allispede  unit  (300-3000  rpm).  With  a  1025/1  gear 
reducer  and  different  sprocket  ratios,  this  system  was  capable  of  providing 
crosshead  rates  of  from  0. 006  in.  /min  to  0.  70  in.  /min.  Different  crosshead 
rates  within  this  range  were  obtained  by  varying  the  speed  setting  on  the 
Allispede  Unit.  By  substituting  another  gear  reducer,  a  different  range  of 
crosshead  rates  could  be  obtained. 
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The  mechanical  drive  system  for  the  lower  crosshead  had  a  relatively 
short  travel  and  was  used  normally  for  applying  the  load  or  for  making  small 
changes  in  positioning  the  load  train.  The  control  switches  for  this  system 
were  mounted  on  the  panel  board  and  were  the  push-button  (holding)  type. 

Both  mechanical  drive  systems  had  limit  switches  to  prevent  overtravel 
of  the  crossheads.  Hie  upper  crosshead  also  had  positive  stops  to  prevent  the 
crosshead  from  falling  should  the  limit  switches  fail  to  operate. 

Instrumentation  -  Instrumentation  consisted  of  the  load  cell,  a  constant 
d.  c.  voltage  power  supply,  and  a  Moseley  "Autcgraf"  X-Y  time  recorder. 

The  load  cell  received  a  constant  d.  c.  voltage  input  from  the  power  supply 
and  transmitted  a  millivolt  signal  directly  proportional  to  the  load  to  the  recorder, 
thus  providing  a  continuous  plot  of  stress-time  to  failure. 

Prior  to  beginning  the  initial  run  of  this  program,  the  small  load  cell 
was  calibrated  to  dead  weights.  The  load  measuring  system  was  calibrated 
in  place  periodically  thereafter,  again  by  hanging  dead  weights  from  the  load 
cell. 


5500°  F  Furnace  -  Figure  4  is  a  drawing  of  a  5500°  F  furnace  employed 
for  the  high  temperature  graphite  evaluations.  The  furnace  consists  of  a 
resistively  heated  graphite  element  insulated  from  a  water-cooled  shell  by 
thermatomic  carbon.  The  furnace  and  specimen  are  purged  with  helium  to 
provide  an  inert  atmosphere.  Ports  with  visual  openings  are  provided  on 
opposite  sides  of  the  furnace  as  a  means  of  allowing  strain  analyzers  to  view 
gage  flags  on  the  specimens.  Specimen  temperatures  are  determined  by  optical 
pyrometer  readings  taken  through  another  small  sight  port  containing  a  sapphire 
window.  A  calibration  curve  was  established  for  the  loss  through  the  sapphire 
window,  and  since  the  furnace  cavity  acts  essentially  as  a  blackbody,  true 
temperature  readings  are  obtained.  Power  is  supplied  to  the  heating  element 
by  means  of  25  KVA  variable  transformer. 

Flexural  Apparatus  -  The  flexural  runs  were  conducted  in  a  room  temperature 
flexural  apparatus  designed  to  accommodate  any  specimen  distortions  and 
friction  of  the  loading  parts.  This  apparatus  utilizes  four-point  loading  and  the 
load  spans  are  4  inches  by  2  inches.  Figure  5  is  a  schematic  of  the  apparatus. 

In  all  there  are  27  sets  of  bearings  in  the  apparatus  to  eliminate  friction,  provide 
alignment  within  1  mil,  and  allow  for  specimen  warpage.  In  typical  alumina 


specimens  the  normal  MOB  value  as  calculated  could  be  5  to  10  percent  high 
for  friction,  5  to  10  percent  low  for  alignment  and  5  to  10  percent  low  for  warpage. 
Wedging  would  not  be  a  problem  for  breaks  in  the  gage  length  since  this  was  a 
four  point  apparatus. 

Loading  of  the  flexural  fixture  was  accomplished  in  a  Tinius-Olsen  Universal 
Testing  Machine*  On  several  specimens,  midpoint  deflection  was  monitored 
with  a  dial  gage.  Loading  was  done  incrementally  and  dial  gage  readings  were  taken 
at  each  load  lev-el* 

Nominal  specimen  dimensions  were  §•  inch  by  inch. 

SPECIMEN  MATERIAL  AND  PREPARATION 

The  two  materials  used  for  this  program  were  ATJ  graphite  and  high  purity 
alumina.  Both  of  these  same  materials  were  used  in  the  earlier  study  under 
Contract  No*  AF33(615)-1690,  and  at  that  time  an  extensive  study  was  made  of 
the  materials.  The  graphite  specimens  for  this  program  vyere  taken  from  the 
remaining  billet  of  the  two  original  13  inch  diameter  by  14  inch  long  billets,  and 
the  alumina  specimens  were  prepared  from  the  end  sections  of  some  of  the 
original  alumina  tensile  specimens* 

ATJ  Graphite 

The  ATJ  graphite  specimens  were  machined  from  a  billet  13  inch  in 
diameter  by  14  inch  long  prepared  by  National  Carbon  Company.  The  billets  of 
this  size  were  selected  for  the  original  program  since  they  felt  that  it  would  be 
the  most  reproducible  and  the  best  quality  that  could.be  obtained. 

The  density  of  each  specimen  was  checked  tc  determine  the  consistency 
of  the  material.  This  was  accomplished  by  cutting  constant  diameter  rods  of 
fixed  lengths  (specimen  blanks)  and  measuring  the  density  of  these  rods.  The 
density  values  are  given  in  Tables  1  and  2  along  with  other  data  that  will  be 
discussed  later.  As  can  be  seen  the  density  values  were  fairly  consistent  ranging 
from  1.680  gm/cc  to  1.745  gm/cc.  The  density  values  of  the  specimens  reported 
in  AFML-TR -66-228  ranged  from  1.74  gm/cc  to  1.78  gm/cc.  The  differences 
in  the  ranges  of  density  values  were  attributed  to  the  differences  in  the  billets 
and  the  differences  in  the  cutting  plans. 

The  graphite  specimens  were  machined  from  the  billets  in  such  a  way  so 
that  a  maximum  number  of  specimens  could  be  obtained  per  unit  of  material 
while  insuring  the  best  consistency  from  specimen  to  specimen.  The  cutting 


plans  for  the  graphite  specimens  from  the  billet  are  shown  in  Figures  6  and  7.  A 
specimen  number  was  devised  to  identify  each  specimen  as  to  its  location  within 
the  billet.  Consider  the  number  A-i-7 

A  -  slab  designation  (Figure  6) 

i  -  location  with  respect  to  a  circle  of  radius  equal  to  one-fourth  of  the 
billet  diameter  and  the  outside  diameter;  i  -  inside  D/4  radius,  c  - 
centered  on  D/4  radius,  m  -  middle;  e  -  nearest  outside  edge  (Figure  7) 

7  -  location  with  respect  to  reference  axis  (Figure  7). 

\The  study  carried  out  with  the  graphite  specimens  was  a  continuation  of  the 
graphite  work  in  AFML-TR -66-228  and  paralleled 'the  work  done  on  alumina  in  both 
AFML-TR -66-228  and  this  report. 

A  total  of  119  graphite  tensile  specimens  were  employed  for  this  phase  of 
the  program.  Of  these  119  specimens  84  had  a  uniform  gage  section.  Figure  8, 

28  had  a  notch  machined  into  the  gage  section.  Figure  9,  and  7  specimens  had 
a  square  cross-section  in  the  gage.  The  square  specimen's  gage  section  was  0.250 
inch  square  by  1. 00  inch  long.  From  the  84  uniform  gage  tensile  specimens,  55 
yielded  room  temperature  data,  13  for  high  temperature  (4000°F  and  5000°F),  6 
were  broken  in  handling,  and  14  failed  outside  the  gage  section.  The  data  from  these 
14  specimens  were  not  used  in  the  analysis. 

The  14  specimens  that  failed  out  of  the  gage  section  represent  about  17 
percent  of  the  total  number  of  uniform  tensile  specimens  that  were  evaluated. 

These  were  more  specimens  than  normally  fail  in  this  area.  It  was  noted  that 
several  of  the  specimens  fractured  in  what  appeared  to  be  isolated  porous  regions 
of  the  material;  however,  there  was  not  apparent  explanation,  such  as  a  visible 
internal  flaw,  for  the  majority  of  the  radius  breaks. 

Of  the  28  notched  specimens,  9  were  evaluated  at  room  temperature,  14  at 
elevated  temperatures  (4000°F  and  5000°F)  and  5  were  broken  inadvertently  in 
handling.  Of  the  7  square  specimens,  5  failed  in  the  gage  and  2  failed  in  the  radii. 
All  of  the  square  specimens  were  evaluated  at  room  temperature. 

Alumina 

The  alumina  specimens  were  machined  from  the  end  sections  of  specimens 
used  in  a  prior  program.  The  data  for  the  original  specimens  were  reported  in 
AFML-TR -66-228.  Typical  specimens  whose  end  sections  were  used  are  shown 
in  Figures  10  and  11. 

The  original  alumina  body  was  hot  pressed  by  Avco  corporation  from  Linde 
"A"  grade  powder.  A  total  of  24  tiles  (12"  x  12"  x  1$-")  were  prepared  by  a  l?ot 
pressing  technique  using  graphite  dies  at  a  temperature  of  1525°C  and  a  pressure 
of  2000  psi. 
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The  original  alumina  tensile  specimens  machined  from  these  tiles  exhibited 
a  wide  spread  in  strength  values.  This  spread  motivated  a  close  study  of  the 
material  which  has  been  reported  in  AFML-TR -66-228  and  will  not  be  repeated 
here.  Figure  12  is  a  plot  of  tensile  strength  versus  tile  number  tor  the  original 
specimens.  The  specimens  for  this  program  were  taken  from  the  end  sections 
of  specimens  from  tiles  770,  774,  790,  800,  808*  and  826.  The  tiles  were 
selected  so  that  the  effect  of  material  variability  would  be  negated  as  much  as 
possible. 

A  total  of  six  configurations  (types)  of  alumina  specimens  were  evaluated 
under  this  program.  The  specimens  can  be  generally  classified  under  two  types, 
small  and  large,  and  there  were  three  variations  of  each  type.  In  order  to '.prevent 
confusion,  the  specimen  types  were  labeled  S3,  S5,  S8,  L3,  L.5,  arid  L8  where  S 
signified  small  and  L  large,  and  the  number  following  the  S  or  L  was  the  stress 
concentration  factor  for  the  notch  in  the  specimen.  Figures  13  and  14  show 
pictorially  the  differences  between  the  large  and  small  specimens  and  the  differences 
between  specimens  of  the  same  size  but  different  notch  configurations. 

The  specimens,  which  were  machined  at  Southern  Research,  had  the  con¬ 
figurations  shown  in  Figures  15  and  16.  All  specimens  were  machined  with 
diamond  grinding  wheels.  Special  diamond  wheels  as  small  as  0.004  inch  thick 
were  used  to  machine  the  small  notches.  A  20:1  optical  comparator  was  used  to 
examine  each  notch  after  it  was  machined,  and  these  examinations  showed  that 
the  notch  very  closely  resembled  the  desired  configuration.  Only  very  slight 
wallowing  was  detected  and  could  be  seen  only  at  the  top  of  the  notch. 

One  half  of  the  specimens  were  polished  in  the  notch  section.  Polishing 
was  accomplished  using  a  cotton  string  charged  with  nine  micron  diamond  dust. 

The  specimens  were  turned  in  a  lathe  while  the  string  was  held  taut  in  the  notch. 
Preliminary  tests  showed  that  about  10  minutes  of  polishing  time  was  required  to 
obtain  a  good  polished,  surface.  There  was  no  way  to  measure  the  actual  surface 
finish  because  of  the  small  area  involved.  Estimates  were  made  by  comparing 
optically  the  finishes  to  known  finishes  on  the  same  material.  The  polished 
specimens  had  a  surface  finish  of  about  10  rms  and  the  as  ground  finish  was 
from  20-25  rms. 

A  total  of  101  notched  alumina  specimens  were  used  in  this  program.  These 
were  distributed  as  follows: 

Type  S3  -  As  Ground  9  Specimens- 
Polished  7  Specimens 
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Type  S5  -  As  Ground 

8  Specimens 

Polished 

8  Specimens 

Type  S8  -  As  Ground 

8  Specimens 

Polished 

8  Specimens 

Type  L3  -  As  Ground 

9Specimens 

Polished 

9  Specimens 

Type  L5  -  As  Ground 

8  Specimens 

Polished 

8  Specimens 

Type  1,8  -  As  Ground 

11  Specimens 

Polished 

8  Specimens 

This  distribution  provided  common  stress  concentrations  between  two  different 
sizes  of  specimen  and  two  different  surface  finishes. 

Because  of:  the  necessary  sizes  of  the  specimens,  see  Figures  15  and  16, 
special  provisions  for  gripping  them  had  to  be  made.  Precision  collets  were 
machined  which  were  epoxyed  to  the  ends  of  the  specimens.  The  collets  were 
then  gripped  using  a  pin  connection.  Figure  17  is  a  schematic  showing  the 
gripping,  arrangement.  The  internal  diameter  of  the  collet  was  machined  to  within 
0. 001  inch  of  the  specimen  and  the  outside  diameter  was  machined  concentric 
within  the  inside  diameter  to  within  0. 0005  inch.  The  collets  and  specimens  were 
assembled  in  a  set  of  ground  V -blocks. 

In  addition  to  the  notched  specimens,  10  specimens  of  the  type  shown  in 
Figure  18  and  20  flexural  specimens  were  machined.  The  tensile  specimens 
were  used  to  examine  the  effects  of  surface  finish  (in  the  range  of  good  finishes 
at  better  than  30  rms)  and  the  flexural  specimens  were  employed  to  provide  a 
different  stress  gradient.  It  was  not  possible  to  be  as  selective  in  the  choice  of 
material  for  these  specimens  because  of  the  size  requirements. 
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Selection  of  Notch  Configurations  -  Notches  were  machined  in  both  graphite 
and  alumina  specimens.  Factors  affecting  the  selection  of  the  notch  size  and 
shape  were: 

1.  Available  specimen  sizes 

2.  Material  to  be  machined  and  equipment  available  to  perform  the  machining 

3.  Amenability  of  configuration  to  analysis 
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The  alumina  specimens  were  fabricated  from  the  end  sections  of  specimens 
used  under  a  prior  program.  The  nominal  dimensions  of  the  sections  were  1  inch 
diameter  by  3  inches  long  for  the  large  specimens  and  inch  diameter  by  inch 
long  for  the  small  specimens.  Although  there  was  additional  material  on  the  end 
sections,  it  was  undesirable  to  use  this  material  since  it  had  been,  in  effect,  proof 
tested. 

Notches  which  gave  three  stress!  concentration  factors  were  machined  in 
both  the  large  and  small  specimens.  The  depth  of  the  notch  was  to  be  no  greater 
than  one-tenth  the  diameter  of  the  gage  section  of  the  specimen..  The  diameter  of 
the  small  specimens  was  selected  to  be  0.25D  inch  so  that  the  depth  of  the  notch 
could  not  exceed  0. 025  inch. 

By  machining  a  notch  0.024  inch  deep  by  0.004  inch  wide  with  a  0.002  inch 
radius,  a  stress  concentration  of  8  could  be  obtained.  A  diamond  wheel  would 
grind  these  notch  dimensions.  Preliminary  tests  with  the  grinding  wheel  indicated 
the  notch  could  be  ground  successfully  in  the  alumina  specimens . 

To  obtain  a  range  of  stress  concentration  factors,  notch  radii  were,  , 
calculated  fbi*  stress  concentration  factors  of  3  and  ^  always  maintaining  the  same 
notch  depth  of  0.024  inch  on  the  small  specimens. 

The  gage  diameter  of  the  large  specimens  was  set  at  0.625  inch  and  the 
notch  depth  at  0. 063  :nc-h.  Notch  radii  were  employed  that  gave  stress  concentration 
factors  of  3,  5,  and  8  as  before. 

These  notches  had  sharp  outer  corners  which  are  not  compatible  with 
Neuber’s  assumptions  for  his  theoretical  stress  distribution.;  however,  observing 
Figure  19  it  can  be  seen  that  the  curves  giving  the  stress  concentration  factors 
for  notches  with  smooth  and  sharp  center  corners  are  fairly  close  together  so 
that  the  analysis  was  not  affected  adversely. 


THEORETICAL  CONSIDERATIONS 

It  is  impossible  to  state  an  exact  value  for  the  ultimate  strength  of  a  material 
since  some  scatter  will  result  from  repetition  of  experimental  measurement, 
regardless  of  how  closely  the  procedure  is  duplicated.  In  some  cases  the  data 
scatter  is  considerable.  Weibull  (1, 2)  recognized  this  fact  and  reasoned  that  it 
should  be  possible  to  use  the  elementary  theories  of  probability  and  statistics  to 
determine  the  probability  that  a  given  stress  conditions  would  produce  fracture. 
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According  to  Weibull's  theory,  a  random  distribution  of  flaws  exists  in  each 
material  and  the  probability  that  a  given  stress  environment  will  cause  fracture 
depends  on  the  volume  of  the  body,  the  state  of  stress*  and  certain  constants 
associated  with  the  material. 


For  a  uniform  tensile  specimen  where  the  stress  condition  and  volume 
under  stress  are  well  defined,  Weibull's  theory  can  be  expressed  rather  simply 
once  a  material  function  is  assumed,  Weibull  assumed  a  material  function  of 
the  form 

m 

n(a>  =1-1.1  °> 
l  ffo 


where  m,  cru,  and  cr0  are  constants.  The  strength  volume  relationship  for 
uniform  teiisile  specimens  then  becomes 
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A  program  carried  out  by  this  laboratory  to  determine  experimentally 
whether  or  not  Weibull’s  theory  would  be  applicable  to  a  brittle  material  such 
as  hot-pressed  alumina  showed  that  there  was  definitely  a  volume  effect,  but 
that  for  the  particular  material  the  values  of  m  au,  and  aQ  were  not  constant. 
These  findings  were  reported  in  AFML-TR -66-228, 


When  the  stress  field  is  not  uniform,  as  in  the  case  of  a  notch  tensile 
specimen  or  a  flexural  specimen  then  it  is  not  clear  what  volume  should  be 
used  when  determining  the  probability  of  fracture  for  a  given  stress  condition. 
Also,  since  the  stress  is  not  uniform  it  is  not  readily  apparent  what  value  of 
stress  should  be  used  if  an  equation  like  the  one  above  is  to  be  used. 

The  stress  distributions  developed  by  Neuber  were  used  in  conjunction  with 
the  Weibull  theory  to  gain  some  insight  into  the  relationships  between  stress, 
stress  gradients  and  volume  for  brittle  materials.  This  will  be  discussed  further. 


Synopsis  of  Weibull's  Theory 


The  distribution  function  for  the  probability  of  fracture,  derived  by 
Weibull,  based  on  the  "weakest  link"  theory  of  fracture  is 

-B 

S  =  1  -  e 
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where  S  is  the  probability  of  fracture  and  B  is  defined  as  the  risk  of  fracture, 

B  is  a  function  of  the  stress  and  for  a  uniform  stress  is  proportional  to  the  volume. 
For  ah  arbitrary  distribution  of  stress  in  an  isotropic  body,  the  risk  of  fracture 
is  given  by 
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where  %  denotes  a  volume  integral  and  n(a)  is  the  function  which  expresses  the 
dependence  of  the  risk  of  fracture  on  the  stress,  <X;  The  function  n(cr)  is 
independent  of  position  and  the  direction  of  the  stress* 

If  the  material  is  an  anisotropic  one,  n(a)  will  be  a  function  of  the  stress, 
the  coordinates,  and  possibly  of  the  direction  of  the  stress,  Weibull  indicates 
that  in  many  cases  ah  apparent  departure  from  isotropy  may  be  due  simply  to  a 
difference  in  the  material  properties  on  the  surface  and  the  interior  of  the  material 
as  a  result  of  the  method  of  manufacture  of  the  material.  In  this  case  B  could  be 
represented  by 
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where  nx(a)  is  the  material  function  for  the  interior  of  the  body,  113(0)  is  the 
material  function  for  the  surface,  and  J  an  area  integral.  The  form  for  n(o) 
most  frequently  used  is  A 

m 

/<?  -  cru) 

n(a)  =|  oD  1  <4) 

According  to  Weibull  (3)  the  only  merit  of  this  formula  for  n(o)  is  to  be  found  in 
the  fact  that  it  is  the  simplest  mathematical  expression  of  the  appropriate  form 
which  satisfies  certain  necessary  conditions.  Also  experience  has  shown  that, 
in  many  cases,  it  fits  the  observations  better  than  any  other  known  functions. 

Now  B  becomes,  for  a  uniform  stress  distribution. 


d  -  or, 


vl 


where 


o  =  actual  fracture  stress  of  specimen 

<*u  =  a  stress  below  which  fracture  cannot  occur 

<*o  =  a  normalizing  factor 
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in  =  constant  representative  of  the  flaw  density  of  the  material 


Substitution  of  Equation  5  into  Equation  1  yields: 


S  =  1  -  exp  I— 


a  -  <r, 


Let  Bx  be  the  risk  of  fracture  under  given  set  of  circumstances  for  Specimen 
1  and  B2  be  the  corresponding  values  for  Specimen  2.  Now  by  requiring  that  the 
two  specimens  have  the  same  probability  of  fracture  for  a  given  loading  condition, 
the  equation 


~  VJ  ao  J 


results.  For  two  uniform  tensile  specimens  where  <JX  and  az  are  the  average 
tensile  strengths  the  equation  reduces  to 

1 


l  *1 


For  non-uniform  stress  fields  Equation  7  must  be  used  unless  some 
"characteristic"  stress  and  volume,  which  relate  to  say  the  uniform  tensile 
specimen,  can  be  determined. 

Synopsis  of  Neuber  Relationships  (4) 

The  relationships  to  be  discussed  here  are  for  a  notched  tensile  specimen 
loaded  uniaxially.  In  order  to  keep  the  mathematical  analysis  relatively  simple 
only  the  two-dimensional  case  has  been  considered. 

Because  the  problem  has  been  considered  as  a  two-dimensional  one,  the 
model  is  a  thin  bar  with  a  shallow  notch  on  each  side.  Figure  20.  In  order  to  more 
easily  define  the  geometric  restrictions  created  by  the  notch,  it  is  convenient  to 
employ  a  coordinate  system  different  from  the  usual  x-y  coordinate  system.  The 
one  used  by  Neuber  is  defined  by  the  equations: 


x  =  u  +  ■ 


u2+  v2 


y  =  y  -  2 


U^V2 
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For  large  values  of  u  or  v  the  coordinate  lines  u  =  constant  and  v  ®  constant 
approach  the  x-y  coordinate  lines;  that  is  to  say,  the  u-v  coordinates  practically 
coincide  with  the  x-y  coordinates  except  in  the  vicinity  of  the  notch,  see  Figure 
21.  The  value  of  u  which  is  to  be  definitive  for  the  edge  of  the  notch  will  be 
designated  u0.  The  depth  of  the  notch,  t,  which  results  from  the  difference  in  x 
at  the  base  of  the  notch  (u,  v)  =  (uQ,  o)  and  at  a  great  distance  away  from  the 
notch  (u,  v)  =  (u0,  oo). 


t  = 


-  u. 


=  0 


(10) 


The  curvature  is  given  by  the  expression 


1  30 

p  “  as  (li) 


where  <j>  is  the  angle  of  the  curve  tangent  to  a  fixed  direction,  p  is  the  radius 
of  curvature,  and  ds  is  an  element  of  arc  length  on  the  curve.  For  the  coordinate 
system  under  consideration,  it  can  be  shown  that  at  the  root  of  the  notch 


1  _  2u0 

T~  "  TTZZP 

The  notch  curvature,  defined  to  be  t /p,  is  given  by 


(12) 


t  2 

p  (i-u02  y*  (13) 


To  determine  the  stress  distribution,  Neuber  used  his  three -function  theory. 
The  general  procedures  for  his  method  are  outlined  in  the  Appendix  and  will  not 
be  repeated  here.  In  terms  of  the  u-v  coordinates  the  stress  function  used  by 
Neuber  was 


F(u,  v)  =  J~L-(u  -  uQ)2  1 


_ 1 

(2u02  -  1)  (u5*  +  V3) 


(14) 


where  an  is  the  nominal  stress  across  an  unnotched  portion  of  the  specimen,  me 
normal  stress  cru  and  <rv  then  may  be  written  in  terms  of  the  derivatives  of  F(u,  v). 


1 

8 

1 1 

8Fi 
8  v  | 

.  1 

8  h 

8  F 

h 

8  v 

u 

h* 

3  u 

8  u 

1 

a 

fj_ 

8F| 

1 

8  h 

9  F 

h 

8u 

U 

3  u| 

+  w 

3  v 

3  v 

14 


(15) 


The  dashed  curvetin  Figure  19  shows  the  stress  concentration  factor,  K*  versus 
notch  curvature,—  ,  plotted  from  the  above  equation.  Included  on  the  graph  is 
the  same  plot  for  notches  with  sharp  outer  corners  obtained  by  Neuber  using  an 
approximate  technique. 


DATA  AND  RESULTS 

Graphite 

The  results  for  the  ATJ  graphite  are  given  in  Tables  1,  2,  and  3  and 
Figures  22  through  29. 

For  the  uniform  tensile  specimens  evaluated  at  room  temperature,  the 
densities  varied  from  1.685  gm/cm3  to  1.760  gm/cm3  and  the  tensile  strengths 
ranged  from  3190  psi  to  4640  psi.  Strength  versus  density  is  plotted  in  Figure 
22  for  these  specimens.  The  method  of  least  squares  was  used  to  determine  the 
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straight  line  that  best  described  the  data  points.  This  line  is  shown  plotted  in 
Figure  22.  Note  that  this  line  has  a  positive  slope  indicating  that  the  tensile 
strength  increased  with  increasing  density;  however,  a  statistical  analysis 
revealed  that  the  correlation  between  strength  and  density  was  not  significant. 

In  other  words,  there  was  no  definite  relationship  between  strength  and  density. 

The  average  strength  of  the  uniform  tensile  specimens  at  room  temperature 
was  3950  psi.  This  value  compared  favorably  with  the  values  of  4250  psi,  3940 
psi,  4070  psi,  and  4160  psi  for  specimens  having  the  same  volume  whose  data 
were  reported  in  AFML-TR  -66-223. 

Using  these  room  temperature  data,  a  study  of  the  number  of  specimens 
needed  for  an  accurate  determination  of  the  material  characteristics  was 
carried  out.  The  method  of  the  study  was  to  select  random  subsets  of  the  tensile 
strengths  of  size  N.  That  is,  there  were  "N"  number  of  coupons  in  each  subset. 

The  strength  values  from  each  of  these  subsets  were  used  to  calculate  the  average 
tensile  strength,  the  standard  deviation,  the  coefficient  of  variations,  and  the 
Weibull  material  parameters.  The  values  of  N  used  were  10,  15,  20,  30,  and  40, 
and  five  subsets  of  each  size  were  selected. 

The  results  are  presented  in  Table  3  and  Figures  23  and  24.  Figure  23 
shows  that  the  average  tensile  strength  when  calculated  with  as  few  as  10  values 
fell  within  5  percent  of  the  average  strength  calculated  when  all  55  values  were 
used.  Also  there  was  no  advantage  in  providing  40  tensile  strength  values  over 
30  values  when  the  main  concern  was  average  strength.  From  Figure  24  it  is 
seen  that  the  standard  deviation  was  calculated  to  within  about  11  percent  with 
30  values,  and  that  the  use  of  40  values  did  not  increase  the  accuracy  by  an 
appreciable  amount. 

From  these  data  it  appears  that  a  sample  size  of  30  could  be  used  to 
statistically  characterize  the  strength  properties  of  this  graphite  with  good 
accuracy  and  that  more  values  than  30  would  not  increase  the  accuracy  to  any 
appreciable  degree.  As  few  as  5  samples  would  be  sufficient  for  many  applications. 
With  15  samples  the  tensile  strengths  were  within  2. 5  percent  of  the  mean  and 
the  standard  deviations  were  within  19  percent.  Another  way  of  considering  the 
data  is  to  say  that  for  10  data  points,  differences  in  average  strengths  of  +  4%  or 
more  would  be  necessary  for  significance.  This  agrees  with  the  range  observed  in 
AFML-TR  -68-228  mentioned  earlier. 

Table  3  reveals  that  the  range  of  values  obtained  for  the  Weibull  parameters 
was  still  considerable  with  as  many  as  40  strength  values,  hence  it  is  impossible 
to  determine  from  these  data  how  many  values  would  be  required  to  predict  these 
numbers  with  any  confidence.  That  this  is  true  supports  the  idea  that  these 
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Weibull  parameters  m,  (Tu  and  a0  are  not  truly  material  parameters  or  properties. 
The  equations 

1 

r  m  1 

a  =  tru  +  <r0  V  r  (1  +m  ) 


.  a  =  aQ  V  10  yr(l  +m  )  -  I*  (1  +m  ) 

show  that  the  average  strength  and  standard  deviation  can  be  expressed  as 
functions  of  the  m,au,  and  ff0  when  the  Weibull  theory  is  assumed.  These 
are  the  only  variables  in  the  equations  once  the  specimen  configuration  is 
determined.  The  data  have  shown  that  the  mean  (average)  strength  a  is 
reasonably  constant  when  as  few  as  10  values  are  used  for  its  computation; 
however,  the  values  of  m,  au,  and  o~c  are  quite  inconsistent  for  this  many 
values,  or  even  40  values. 

For  all  of  these  parameters,  the  numbers  of  specimens  required  for 
reasonably  accurate  values  were  in  fair  agreement  with  the  observations  for 
the  alumina  specimens  reported  in  AFML-TR  -66-228. 

As  seen  in  Table  3,  the  values  for  the  Weibull  parameters  calculated 
from  the  55  strength  values  wer^,  mj=  ^43,^  ou  =  2400  psi  and  Oq  =  120  psi. 
Figure  25  is  the  plot  of  Log  Log  [n  +  1  -  n  J  versus  Log  (c  -  ou)  for  these 
values.  The  values  m  =  4.43,  Ou  =  2400  psi  and  crD  =  120  psi  were  used  in 
Equation  8  to  obtain  a  strength  -  volume  curve.  The  curve  is  shown  plotted 
in  Figure  26  along  with  the  data  points  reported  in  AFML-TR -66-228.  This 
curve  represents  a  constant  risk  of  rupture  or  probability  of  fracture.  The 
straight  line  shown  in  Figure  26  more  nearly  agrees  with  the  data,  but  the 
relation  describing  this  straight  line  cannot  be  related  to  the  function  n(a) 
suggested  by  Weibull  to  express  the  dependence  of  the  risk  of  fracture  on  the 
stress  o. 

Consider  now  the  notched  tensile  graphite  specimens.  As  already 
pointed  out,  the  notch  configuration  used  on  these  specimens  gave  a  theoretical 
stress  concentration  factor  of  7.3  at  the  notch  root  for  a  notch  with  smooth 
corners  and  a  stress  concentration  factor  of  8  for  a  notch  with  sharp  corners. 
The  nature  of  the  graphite  material  made  it  difficult  to  obtain  a  true  radius 
of  the  desired  dimensions  at  the  root  of  the  notch.  There  was  a  tendency  for 


the  grinding  wheel  to  wallow  when  cutting  the  notch;  Figure  27  is  a  schematic 
comparing  the  desired  and  the  actual  notch  shape  that  was  obtained.  Because 
the  notch  was  not  as  sharp  as  required  for  a  stress  concentration  factor  of  8, 
the  stress  distribution  for  a  stress  concentration  factor  of  7.3  was  used. 

Using  an  unnotched  portion  of  the  gage  as  a  reference,  the  average  nominal 
strength  for  the  specimens  evaluated  at  room  temperature  was  1740  psi  (crn  = 

1740  psi).  If  we  consider  the  reduced  section  as  a  base,  the  average  nominal 
strength  was  2690  psi  (<rr  =  2690  psi).  Neuber  uses  on  in  his  stress  analyses; 
however,  it  is  more  appealing  from  a  -jaterial  standpoint  to  employ  or.  At 
4000°F  the  uniform  specimens  had  an  average  strength  of  5140  psi  and  the  notched 
specimens  had  a  reduced  section  strength  of  crr  =  3360  psi;  at  5Q00°F  the  uniform 
specimens  had  an  average  strength  of  6540  psi  and  the  notched  specimens  had  a 
reduced  section  strength  of  <yr  =  5700  psi.  These  data  are  plotted  in  Figure  28. 

The  notch  decreased  the  nominal  strength  (or)  of  the  specimens  evaluated 
at  room  temperature  and  4000°F  by  32  percent  and  34. 5  percent,  respectively; 
whereas,  the  notch  decreased  the  strength  of  the  specimens  evaluated  at  5000°F  by 
only  12  percent.  Thus  the  notch  was  as  effective  as  a  ’’strength  reducer"  at  4000°F 
as  at  room  temperature.  Considering  the  stress-strain  curves  for  ATJ  graphite 
in  Figure  29,  this  was  not  entirely  unexpected,  since  the  stress -strain  curves  for 
70°F  and  4000°F  are  very  similar  with  little  plastic  accommodation.  There  is 
slightly  more  strain  for  the  4000°F  specimen,  but  there  is  also  higher  modulus. 

On  this  basis  one  would  have  to  conclude  that  the  material  was  just  as  brittle  at 
4000°F  as  at  room  temperature.  * 

Still  considering  Figure  29  we  see  that  4000°F  is  about  the  transition  point 
from  the  brittle  to  "ductile"  range.  The  curve  at  4500°F  has  a  lower  modulus  with 
more  plastic  strain  and  at  5000°F  has  still  a  lower  modulus  with  considerably  more 
"plastic"  strain.  Hence,  based  on  the  above  observations,  one  would  expect  the 
notch  to  be  less  effective  at  50O9°F  which  was  the  case. 

The  average  strength  of  the  five  square  tensile  specimens  was  3600  psi. 

This  point  is  shown  on  the  strength-volume  graph  for  graphite  in  Figure  26.  Note 
this  specimen  was  in  the  range  of  volumes  where  strength  appears  to  be  unaffected. 
The  individual  strength  values  were  3570  psi,  3570  psi,  3810  psi,  3890  psi  and 
3150  psi.  The  average  of  3600  psi  is  about  10  percent  below  the  average  of  the  55 
round  specimens.  In  a  separate  controlled  study,  ten  specimens  with  both  square 
and  round  gages  in  each  were  tested  providing  an  even  distribution  of  fractures 
between  the  square  and  round  sections.  Thus  the  round  section  in  this  experiment 
was  22%  stronger.  Since  the  prior  discussion  has  shown  that  graphite  is  affected 
by  stress  concentrations,  the  indication  is  that  the  square  corners  of  the  specimen 
provide  a  type  of  stress  concentration. 

To  provide  further  comparison  of  test  methods,  strength  values  for  some 
floated  sleeves  and  for  some  flexural  specimens  are  shown  on  Figure  26.  A 
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description  of  the  apparatus  for  the  floated  sleeves  and  the  data  are  given  in  the 
Appendix.  The  ten  flexural  runs  were  made  on  the  roller -flexural  apparatus 
described  previously.  The  values  for  the  sleeves  (3490  psi)  were  lower  than  for 
the  round  specimens  (3960  psi  for  equivalent  volume)  and  in  close  agr  coxxiont 
with  the  square  tensile  ones  (3600  psi);  however,  comparative  sleeve  data  confirmed 
the  volume  effect  even  for  them.  The  values  for  the  flexural  specimens  were  higher 
(4550  psi)  in  spite  of  the  sharp  corners,  probably  because  of  stress -blunting, 
difference  in  compressive  and  tensile  elastic  modulus  or  nonelastic  behavior,  and 
shift  in  the  force  center  (see  Appendix  C).  Of  course,  the  sharp  corners  in  a 
flexural  specimen  would  not  distort  the  strain  lines  as  for  a  rod  or  ring.  The  stress 
gradient  in  a  flexural  specimen  is  so  steep  that  meaningful  analyses  remain  for 
proof. 

Alumina 

The  results  of  the  evaluations  on  the  alumina  specimens  are  presented  in 
Tables  4  through  7  and  Figures  30  through  38.. 

Surface  Finish  Effects  -  Figure  30  is  a  plot  of  the  nominal  tensile  strength 
(crn)  versus  stress  concentration  factor  for  all  of  the  notched  alumina  specimens. 
Viewing  this  figure  along  with  Table  4  we  see  that  surface  finish  had  a  minor  roll 
in  the  outcome  of  the  results  for  the  notched  specimens. 

Ten  specimens  without  notches  were  explored  to  see  if  a  difference  of  25 
and  5  rms  should  influence  the  strength  (recall  that  rougher  finishes  reduced  the 
strength).  Oi  these  ten,  five  were  in  the  as  ground  condition  and  five  were 
polished.  The  as  ground  specimens  had  surface  finishes  in  the  range  from  23  to 
27  rms  (profilometer  in  all  cases).  The  polished  specimens  had  surface  finishes 
from  4  to  8  rms.  The  results  of  these  evaluations  are  presented  in  Table  5.  The 
polished  specimens  with  4  to  8  rms  had  an  average  strength  of  38,  000  psi  with  a 
high  value  of  40,500  psi  and  a  low  value  of  36,  000  psi.  The  as  ground  specimens 
with  23  to  27  rms  had  an  average  strength  of  39, 100  psi  with  extreme  values  of 
41,  800  psi  and  35,000  psi.  Thus  the  rougher  as  ground  specimens  were  a  little 
stronger  than  the  polished  ones;  however,  the  difference  was  not  significant  and 
one  would  have  to  conclude  that  surface  finish  did  not  affect  the  tensile  strength 
over  the  range  of  surface  finishes  (all  good)  considered  for  unnotched  specimens. 

The  thought  occurs  that  after  a  surface  finish  becomes  sufficiently  fine,  the 
fracture  is  initiated  internally  and,  indeed,  volume  effects  are  controlling. 

In  addition  to  the  tensile  specimens  used  for  the  surface  finish  evaluations, 

20  flexural  specimens  were  evaluated.  These  20  specimens  were  divided  into 
four  equal  groups  of  five.  The  groups  were  provided  by  using  two  different  surface 
finishes,  as  ground  (25  rms)  and  polished  (8  rms),  and  by  providing  10  of  the 
specimens  with  sharp  corners  on  the  tensile  side  and  10  specimens  with  rounded 
corners  on  the  tensile  side.  Thus  the  four  groups  were  (1)  polished  round  corners, 
(2)  polished  square  corners,  (3)  as  ground  round  corners,  and  (4)  as  ground 
square  corners. 

The  results  of  these  evaluations  are  given  in  Table  6.  For  the  specimens 
with  square  corners  the  polished  specimens  had  a  slightly  higher  strength  of  36,200 
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psi  than  the  as  ground  specimens  with  35,000  psi;  fo,'  the  specimens  with  rounded 
corners,  the  polished  ones  we^e  again  slightly  stronger  at  35, 700  psi  than  the  as 
ground  ones  at  34, 600  psi.  As  seen,  the  difference  was  hot  significant  (3  percent) 
so  that  surface  finish  (within  this  range-all  good  finishes)  did  not  affect  the  flexural 
results  significantly.  The  condition  of  the  corners,  square  or  rounded,  did  not 
affect  the  data  significantly.  This  may  be  consistent  with  the  results  on  surface 
finish  since  rough  corners  would  introduce  cracks  and  stress  concentrations  in  much 
the  same  way  as  a  poor  surface  finish  would.  Further,  the  flexural  strengths  of 
these  specimens  were  rather  close  to  the  tensile  strengths  (gas^beai'ing)  of  the  parent 
specimens  from  which  they  were  removed.  Recall  that  square  graphite  tensile 
specimens  were  10  percent  weaker  than  round  ones.  Perhaps  the  small  grain  size 
and  good  finishes  for  the  alumina  minimized  the  corner  effects. 

Notch  Effects  -  The  effect  of  notches  on  brittle  materials  is  considered 
sometimes  as  an  extension  of  surface  finish  effects.  Data  taken  by  this  laboratory 
on  another  alumina  have  shown  considerable  dependence  between  strength  and 
surface  finish.  These  earlier  data,  shown  in  Figure  31,  are  f  or  a  much  wider 
range  of  surface  finishes  than  were  considered  here.  Note  the  similarity  between 
this  figure  and  Figure  30  which  was  the  plot  of  strength  versus  stress  concentration 
factor. 

However,  for  a  brittle  material,  such  as  alumina,  there  are  other  test 
"conditions"  that  need  to  be  considered  along  with  surface  finish.  Some  of  these 
conditions  are  not  considered  when  dealing  with  ductile  materials.  One  of  these 
in  particular  is  volume.  The  results  reported  in  AFML-TR -66-228  show  that  the 
strength  of  at  least  some  brittle  materials  (hot -pressed  alumina)  does  depend  on 
the  volume  under  stress.  The  consideration  of  notch  effects  and  volume  effects 
jointly  presents  a  very  difficult  design  problem  which  will  not  be  solved  easily. 

There  are  two  major  contentions  on  the  effects  of  notches  (stress  con¬ 
centrations)  on  brittle  materials.  These  are: 

1.  Brittle  materials  are  highly  sensitive  to  notches  because  there  is  no 
plastic  flow,  and  hence  no  local  stress  relief  can  take  place  in  the 
areas  of  severe  changes  in  geometry. 

2.  Brittle  materials  are  relatively  insensitive  to  notches  because  they 
already  contain  stress  raisers  which  may  be  an  order  of  magnitude 
greater  than  can  be  artificaliy  induced. 

The  overall  results  of  this  investigation  have  shown  that  brittle  materials 
are  sensitive  to  notches,  but  not  as  sensitive  as  predicted  by  the  contention  of  no 
plastic  flow.  That  is,  the  volume  effect  may  control. 

Let  us  consider  the  general  effects  of  the  notches  used  on  the  various 
specimens  in  this  program  before  proceeding  on  to  a  more  detailed  analysis. 


For  the  purposes  of  discussion,  a  volume  needs  be  considered  that  is  characteristic 
of  each  specimen  type.  The  volume  to  be  considered  here  is  that  reduced  section 
of  the  specimen  created  by  the  presence  of  the  notch.  It  is  the  volume  of  a  disc 
whose  diameter  is  equal  to  the  diameter  of  the  reduced  section  and  whose  thickness 
is -equal: to  the  width  of  the  notch,  see  Figure  32. 

Figure  33  is  a  plot  of  strength  versus  volume  showing  the  data  from  the 
original  tensile  specimens  reported  in  AFML-TR -66-228.  These  data  are 
represented  by  the  circles.  There  -re  also  three  curves  shown  on  the  graph. 

One  is  the  best  straight  line  fit  for  the  original  data.  The  other  two  are  curves 
showing  the  strength-volume  relationship  for  uniform  tensile  specimens  of 
Equation  8.  The  constants  used  in  this  relationship  were  determined  from  two 
different,  sets  of  ultimate  strengths  frr m  specimens  having  two  different  volumes. 
The  computation  of  these  constants  w  s  reported  in  AFML-TR -66-228. 

On  Figure  33  points  are  plotted  ?or  each  of  the  notched  specimens  where  the 
strength  value  used  was  the  tensile  stress-at  failure  across  the  reduced  section, 
or,  and  the  volume  of  the  disc  outlined  by  the  notch.  The  points  are  labeled  L3, 

L5,  118,  S3,-  S5,  S8  where  the  L  and  S  refer  to  large  and  small  specimens  and  the 
numbers  refer  to  the  nominal  theoretical  stress  concentration  factor  so  that  they 
may  be  readily  identified.  Notice  that  for  each  set  of  specimens,  smell  and  large, 
the  effect  of  the  notch  was  as  predicted  by  Contention  1;  the  strength  (or)  decreased 
as  the  notch  became  more  severe. 

Now  consider  the  points  S8  and  L8.  From  these  points  we  see  that  the  effect 
of  the  notch  with  a  given  stress  concentration  factor  was  not  the  same  on  two 
geometrically  similar  but  different  sized  specimens.  The  small  specimen  with  a 
stress  concentration  of  8  was  stronger  than  the  large  specimen  with  the  same  stress 
concentration  factor.  This  can  also  be  seen  to  some  extent  on  the  small  and  large 
specimens  witn  a  stress  concentration  factor  of  5.  The  reverse  effect  is  seen  for 
the  specimens  with  a  stress  concentration  factor  of  3;  however,  in  this  and  the 
remaining  analyses  more  emphasis  will  be  placed  on  the  results  obtained  with  the 
sharp  notch  specimens  than  on  the.  results  obtained  with  the  other  specimens.  It  is 
believed  that  the  stress  analysis  and  other  assumptions  become  more  accurate  and 
applicable  as  the  notch  becomes-  more  severe  ;  however,  the  notch  given  the  stress 
concentration. factor  of  8  was  the  sharpest  that  could  be  machined  in  this  material. 

Now  let  us  use  the  results  of  Neuber's  stress  analysis  to  obtain  the  theoretical 
stress  Oy  (maximum)  at  the  root  of  each  notch.  This  is  done  by  multiplying  the 
nominal  stress  across  an  unnotched  portion  of  tue  gage  (<rn)  by  the  appropriate 
stress  concentration  factors.  The  factors  used  here  are  the  ones  directly  from 
Neubers'  analysis  and  are  not  corrected  for  the  sharp  outer  corners  of  the  notch. 
These  points  are  plotted  as  triangles  in  Figure  33.  The  volume  used  here  is  again 
the  volume  outlined  by  the  notch.  The  points  show  to  a  greater  degree  the 
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different  effect  of  the  same  stress  concentration  factor  on  different  size  specimens. 
Note  that  the  curve  faired  in  to  approximate  the  results  of  the  small  specimens 
has  the  same  general  slope  and  shape  as  the  Weibull  strength-volume  curves  in  the 
vicinity  of  smaller  volumes;  whereas,  the  curve  faired  in  for  the  large  specimens  has 
the  general  slope  and  shape  as  the  Weibull  curves  for  the  larger  volumes. 

The  data  and  calculations  presented  thus  far  do  not  agree  to  any 
great  extent  with,  the  Weibull  extrapolation  to  small  volumes  as  reported 
in  AFML-TR -66-228.  The  strength  values  taken  using  only  the  area  of  the  reduced 
section  are  well  below  the  predicted  tensile  strength  values.  By  neglecting  the 
effect  of  the  stress  concentrations  (orn)»  the  volume  effect  appeared  to  work  in 
reyerse.  By  using  the  peak  stress  [crv  (maximum)]  as  the  strength  value,  the 
points  fall  above  the  straight  line  through  the  original  data,  but  still  generally  below 
the  Weibull  curves.  The  volume  calculation  at  this  point  is  more  intuitive  (or 
geometric)  than  theoretical,  but  is  the  type  of  calculation  that  is  easily  made  and 
is  not  as  bad  as  it  might  first  be  supposed.  Later  we  will  return  to  a  better 
definition  of  the  volume  but  first  consider  the  general  nature  of  stress  intensification 
as  predicted  by  Neuber  and  how  the  volume  might  be  determined  with  more 
theoretical  or  realistic  basis. 

Weibull -Neuber  Analysis  -  Figures  34,  36,  and  38  are  contour  maps  of  the 
stress  distribution  in  the  vicinity  of  the  various  notches.  Shown  on  each  figure  is 
an  outline  of  the  specimen  under  consideration  along  with  the  u-v  coordinate  system 
used  for  the  calculation  of  the  stresses.  Ir^the  vicinity  of  the  notch  root,  lines  are 
shown  which  represent  a  constant  value  of  where  ov  is  the  stress  perpendicular 
to  a  line  v  =  constant  and  orn  ijg.  the  nominal  Stress  in  an  unnotched  portion  of  the 
gage.  The  smallest  value  of  _Z  shown  is  1. 5.  This  corresponds  to  a  —  .  value  of 
1.0,  where  crr  is  the  nominal  sfiress  across  the  specimen  at  its  smallest section. 

It  is  felt  that  ar  is  more  meaningful  from  a  material’s  standpoint  than  on,  but 
Neuber  has  us^j  on  in  the  derivation  of  his  equations.  Neuber’ s  analysis  also  gives 
the  values  for^iLwhere  cru  is  the  stress  perpendicular  to  lines  ■*  =  constant.  This 
stress  is  essentially  a  radial  stress  created  by  the  pjesence^of  the  notch.  Figure 
37  shows  a  composite  stress  distribution  where  both-jX  and  ^JLare  given  for  all 
of  the  notch  configurations.  This  distribution  is  taken  along  a  radius  extending 
from  the  root  of  the  notch  toward  the  centerline  of  the  specimen.  We  see  here  that 

'tTiT  never  exceeds  1.0.  According  to  Weibull  some  "stress  o"  which  takes  in  account 
both  stresse»  ov  and  <7U  should  be  used;  however,  because  of  the  relative  magnitudes 
of 'ov  and  ou  in  the  vicinity  of  the  notches  only  ov  will  be  used. 

Consider  now  Figure  34,  the  stress  distribution  for  the  small  notch.  The 
scales  shown  on  the  figure  are  for  the  S8  specimens.  The  L8  specimens 
are  2$-  times  larger  in  ail  dimensions  concerning  the  gage  portion.  Table  7 
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shows  the  values  obtained  from  the  calculations  of  volumes  subjected  to 
different  conditions  of  stress.  For  example,  the  volume  of  material  in 
the  S8  specimen  which  is  subjected  to  a  stress  ffv-  ^2.0  is  0.0028  inch*. 
This  volume  appears  as  a  washer  whose  cross -^ition  is  outlined  by  the 
curve  gv=  2.0  in  Figure  33. 


The  problem  is  to  select  that  volume  and  stress  meaningful  from  the 
point  of  view  of  the  Weibull  theory.  To  select  a  fixed  condition  for  determining 
the  volume  under  stress  for  each  specimen  would  not  be  very  appropriate. 

For  instance,  to  select  as  the  reference  volume  that  volume  for  which  -JL  >>4 
would  be  meaningless  for  a  specimen  whose  notch  gave  a  stress  ffn 

concentration  factor  of  3.  In  the  same  way  to  chose  a  volume  for  which  __Y  >1.5 
would  not  be  meaningful  for  a  specimen  where  the  notch  gave  a  stress  °n  ~ 
concentration  factor  of  8.  To  illustrate  this,  refer  to  Table  4.  We  see  here  that 
the  average  value  for  <rn  for  the  as  ground  S8  specimens  was  10,  840  psi.  Then 


ffv  =  1.5  (an)  =  16,300  psi,  but  the  so  called  "zero  stress"  from  one  set  of 
data  in^FML-TR-66^228  was  21,  500  psi.  Hence  to  consider  the  volume  for 
which  - — >  1. 5' using  this  data  would  not  be  meaningful. 

an  ~ 


One  method  of  selecting  the  volume  of  material  that  is  subjected  to  stress 
range  that  will  cause  fracture  is  to  define  a  "damage  stress"  below  ultimate 
and  above  which  failure  is  an  inevitability.  This  damage  stress  has  been 
observed  here  recently  on  different  beryllias  where  the  regular  ultimate  strength 
from  normal  tensile  experiments  was  100  percent  (about  19, 000  psi),  the  ultimate 
strength  after  20  to  40  stress  cycles  to  70  percent  of  regular  ultimate  was 
reduced  to  85  percent  regular  ultimate,  the  precision  elastic  limit  (first 
detectable  departure  from  elastic  response)  was  70  percent  of  regular  ultimate, 
and  initial  irreversible  creep  was  detected  at  40  to  60  percent  of  regular 
ultimate.  Thus,  below  40  percent  of  regular  ultimate,  the  material  behaved 
elastically  and  exhibited  no  creep  failures. 


With  this  background  in  mind,  one  of  the  specimens  made  from  the  hot 
pressed  alumina  used  in  this  program  was  cycled  6  times  to  about  50  percent 
regular  ultimate  and  had  a  subsequent  ultimate  of  55  percent  of  regular 
ultimate.  Thus  this  material  also  appears  to  have  a  damage  stress. 

The  damage  stress  may  be  related  to  a  kind  of  supercrazing  that  is  a 
combination  of  micro  and  macrocracking  that  invades  a  volume  of  the  material 
before  fracture  proceeds  and  starts  at  well  below  the  ultimate.  This  nonelastic 
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behavior  at  such  a  low  stress  is  alarming  since  it  challenges  the  use  of  the 
elastic  theory  in  many  applications  such  as  study  of  beams*  fracture  energies 
and  crack  propagations;  however,  there  is  mounting  evidence  from  the  point 
of  view  of  mechanics.  For  example,  in  addition  to  the  above  cases,  gross 
macrocracks  are  found  in  the  tail  ends  of  broken  tensile  specimens,  flexural 
tests  suggest  blunting  of  peak  stresses  as  an  explanation  of  deformations  and 
strengths  being,  higher  than  theoretical,  and  many  broken  tensile  specimens  of 
some  beryllias  and  some  aluminas  have  rounded  ends  and  long  (§•")  sections 
that  have  pulverized  to  a  powder  upon  post  mortem  inspection. 

Admittedly,  all  of  this  information  requires  extensive  confirmation  in 
extensive  programs  directed  to  this  end.  However,  let  us  use  this  damage 
stress  (50  percent  of  ultimate)  as  a  method  of  selecting  the  volume  in  the 
notched  samples  that  may  be  used  with  the  Weibull  analysis.  That  is,  let  us 
compare  the  Neiiber  stresses  with  the  Weibull  strengths,  selecting  the  Weibull 
volumes  as  those  subject  to  a  stress  greater  than  50  percent  of  the  peak  stress. 
This  means  that  the  volume  for  the  notches  with  a  stress  concentration  factor 
of  3  would  be  defined  as  that  volume  subjected  to  a  stress  greater  than  1. 5  of 
crn.  For  a  stress  concentration  factor  of  5,  the  Weibull  volume  would  be  that 
volume  subjected  to  a  stress  greater  than  2.5.  For  a  factor  of  8,  the  volume 
would  that  subjected  to  a  stress  greater  than  4.  Since  this  volume  results 
from  a  damage  stress,  perhaps  it  is  a  critical  volume  that  is  related  to  the 
material,  the  peak  stress  and  the  stress  gradient. 

The  results  of  this  approach  are  shown  in  Figure  38  where  the  stress 
values  used  are  the  theoretical  peak  stress  at  the  root  of  the  notch.  Note  that 
the  points  fall  fairly  close  to  the  curve  predicted  by  Weibull*  s  strength-volume 
relation  using  the  constants  determined  from  the  small  volume,  uniform  gage 
tensile  specimens  (unnotched).  The  volume  of  this  specimen  was  0.031  inch3 
which  is  comparable  with  the  volumes  being  used  here. 

It  may  be  only  fortuitious  that  the  selection  of  these  volumes  and  the  use 
of  peak  stresses  gave  values  that  agree  closely  with  the  Weibull  curve.  The 
criteria  for  the  selection  of  the  volumes  was  based  on  observed  phenomena  for 
some  ceramic  materials;  however  the  decision  to  use  peak  stress  in  place  of 
some  other  value  was  somewhat  arbitrary.  In  an  actual  design  problem  it  would 
be  difficult,  if  not  impossible,  for  one  to  be  sure  he  v/as  making  the  right 
choices  as  to  the  volumes  and  strengths.  Also  the  calculations  involved  at  this 
stage  of  the  development  are  laborious  and  tedious. 

One  other  approach  is  to  calculate  the  risk  of  rupture  given  by  Equation  5, 
but  this  would  be  quite  involved  for  most  stress  distributions.  This  approach 
was  attempted  but  did  not  yield  any  useful  information. 
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Consider  now  the  flexural  data.  Assuming  the  moduli  in  tension  and 
compression  are  equal,  the  average  flexural  strength  was  35,300  psi.  Using 
the  volume  as  that  volume  between  the  center  load  points  and  subjected  to 
50  percent  of  the  peak  tensile  stress,  the  data  point  is  shown  plotted  on  Figures 
33  and  38.  The  point  is  seen  to  fall  in  line  with  both  the  data  from  the  uniform 
tensile  specimens  and  from  the  notched  tensile  specimens  indicating  true  elastic 
behavior. 

From  the  above  discussion  and  reviews  of  all  data,  it  is  seen  that  both 
volume  and  stress  concentrations  affect  the  strength  of  brittle  materials,  and 
that  neither  of  the  major  contentions  regarding  notches  and  brittle  materials 
was  completely  correct.  The  actual  case  seems  to  be  somewhere  between  the 
two  extremes.  It  is  also  seen  that  the  Weibull  and  Neuber  analyses  can  be  applied 
to  the  problem  to  a  certain  degree.  As  more  data  become  available,  the  extent 
to  which  these  relations  may  be  used  will  become  more  evident.  At  present,  it 
appears  that  simpler  calculations  of  the  type  discussed  in  the  section  of  general 
results  will  provide  meaningful  information. 

Fractology  -  Each  specimen  was  examined  individually  after  it  had 
been  run.  As  was  mentioned  earlier,  two  of  the  large  specimens  (L3)  fractured 
outside  of  the  notch.  No  visible  flaws  were  detected.  All  other  specimens  broke 
in  the  notch  and  the  fracture  planes  were  flat.  Because  of  the  sites  of  the  notches, 
it  was  difficult  to  determine  the  exact  location  of  the  fracture  planes,  but  their 
location  did  vary  and  did  not  always  occur  at  the  root  of  the  notch. 

CONCLUSIONS 

Most  of  the  specific  conclusions  were  included  in  the  discussion  of  Data 
and  Results;  however,  there  were  several  important  conclusions  which  should 
be  summarized  and  emphasized. 

For  graphite  it  was  demonstrated  that  a  total  of  30  tensile  specimens  could 
be  used  to  statistically  characterize  the  strength  properties  and  more  than  30 
specimens  did  not  appear  to  increase  the  accuracy  to  any  degree.  As  few  as  5 
specimens  gave  good  results  tha  could  be  used  for  many  applications.  Notches 
in  graphite  specimens  reduced  the  nominal  strength  considerably  at  70°F  and 
4000°F;  however,  at  5000°F  the  notches  had  little  effect  probably  because  of 
"plasticity."  The  peak  fracture  stress  in  the  notched  graphite  specimen  was  on 
the  order  of  11,000  psi  (Kcrn)  for  this  small  volume.  A  volume  effect  for  graphite 
was  observed.  Finally,  general  sense  was  obtained  for  the  strengths  obtained  by 
different  test  methods  including  a  ro'  nd  rod,  square  rod,  sleeve  and  flexural 
specimen. 
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For  alumina,  several  observations  seem  particularly  important: 

1.  Over  a  range  of  5  to  25  rms,  surface  finish  had  little  influence  on  the 
strength  of  either  notched  or  unnotched  tensile  specimens,  nor  upon  the 
flexural  specimens.  This  is  contrary  to  a  dramatic  effect  of  rougher 
surface  finish  on  strength  of  other  aluminas  evaluated  here.  Thus  the 
fracture  may  indeed  be  initiating  internally  at  these  finer  finishes,. 

2.  The  strength  of  the  flexural  specimens  was  hot  influenced  by  using  sharp 
or  rounded  corners  at  the  tensile  face.  This  also  is  contrary  to  other 
experience  here  and  may  have  resulted  from  the  quite  smaii  grain  size  and 
the  fact  that  failures  were  initiating  internally. 

3.  The  tensile  and  flexural  strengths  were  in  fair  agreement  when  compared 
on  the  basis  of  equivalent  volumes  as  determined  by  a  "damage  stress". 

4.  The  nominal  strength  of  the  notched  specimens  was  reduced  to  about  40 
percent  of  unnotched  ones. 

5.  The  volume  effect  existed  for  notched  specimens  in  that  the  smaller  ones 
were  generally  stronger  when  comparing  similar  stress  concentration  factors. 

6.  A  combination  of  Neuber  and  Weibull  analyses  does  apply  to  notches  in  that 
there  was  general  agreement  in  the  peak  stress  predicted  by  the  Neuber 
analysis  and  the  strength  predicted  by  the  Weibull  analysis  for  a  reasonably 
selected  volume. 


The  Weibull  volume  was  reasonably  well  defined  in  the  notched  specimens 
as  that  volume  of  material  encased  by  stresses  at  over  50  percent  of  the 
peak  stress  |orv  (maximum)j . 

Evidence  accumulates  that  these  brittle  materials  experience  a  "damage 
stress"  at  over  50  percent  of  ultimate  strength. 


9.  Assuming  that  the  Neuber  analysis  is  correct,  this  alumina  (in  small 

volumes)  had  a  strength  of  over  80,000  psi.  This  infers  that  the  material 
has  considerable  potential  for  strength  enhancement. 


For  both  the  graphite  and  alumina,  extrapolation  of  the  strengths  to  the 
values  observed  for  volumes  of  0.3  mil  fibers  provided  unusual  agreement.  The 
difference  in  structures  between  the  polycrystalline  and  fiber  bodies  is  such 
that  the  agreement  probably  is  fortuitous. 
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Figure  2.  Schematic  Arrangement  of  Gas -Bearing  Universals,  Specimen,  and 
Load  Train 


Figure  3.  Schematic  of  Collet-Type  Specimen  Grip 
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Figure  6.  Cutting  Plan  for  Block  of  ATJ  Graphite 
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Notes: 

1)  All  diameters  must  be  true  and  concentric  to  within  0.0005  in. 

2)  Both  ends  must  be  flat  and  perpendicular  to  the  <£,  to  within  0.0005  in. 

3)  Do  not  undercut  radii  at  tangent  point. 

4)  All  dimensions  are  in  inches. 


Figure  8.  Unnotched  Graphite  Tensile  Specimen 


Figure  9,  Detail  of  the  Notch  Configuration  Used 
on  Graphite  Tensile  Specimens 
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Figure  13.  Photograph  Showing  Relative  Siaes  of  Large  and  Small  Notched 
Alumina  Specimens. 
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Photos caph  Showing  Relative  Notch  Sizes  for  the  Three  Street. 
Concer  tration  Factors  on  Stnall  Notched  Alumina  Specimens. 
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Figure  15.  Small  Volume  Alumina  Specimens  with  Notch 
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Figure  16.  Large  Volume  Alumina  Specimens  with  Notch 
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1)  All  diameters  must  be  true  and  concentric  to  within  0.0005  in. 

2)  Both  ends  to  be  flat  and  perpendicular  to  to  within  0.0005  in. 

3)  Do  not  undercut  radii  at  tangent  points. 

4)  Surface  finish  of  gage  section  to  be  selected  after  specimen  is 
machined  to  final  configuration 


Figure  18.  Unnotched  Altunina  Tensile  Specimen 
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Figure  20.  Thin  Bar  with  a  Shallow  Notch  on  Each  Side 
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Figure  21.  Sketch  Showing  Relationships  between  the 
Notch  Geometry  and  u-v  Coordinate  System 


Average  Tensile  Strengths  psi 


Figure  23.  Average  Tensile  Strength  Versus  Subset  Size  for  Unnotched 
With  Grain  ATJ  Graphite 
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Figure  26.  Ultimate  Tensile  Strength  Versus  Gage  Volume  for  With  Grain  ATJ  Graphite 
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Figure  27.  Comparison  of  Desired  and  Actual  Notch  Configuration 
for  Notched  Graphite  Tensile  Specimens 
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Figure  29.  Typical  Composite  Plot  of  Tensile  Stress-Strain  for  With  Grain  ATJ  Graphite  from  70*F  to  500 
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Figure  30.  Nominal  Tensile  Strength  Versus  Stress  Concentration  Factor  for  Notched  Alumina  Tensile  Specimen 


. . _■ EhhbhM ..  ... 

ifiiillauB&Silif 


^^^HiiEsiaiiii^rnnnnnnnnmnnRiiH 

wmHsmmmm 

IM— — HH 

alisiSiiSaisssSHBilSaBsisaHaSsiiiiiiilllliiiiiiii 

sip§siss!ss5sii32§3Ss3iS!sssli5iilS:|p|iiiili!EaEsi 

B|SK8aMM|3gg^m55Mas8gg8|aBggMwa5sag|Sg8SMS 


BnBBEaBflflflflBflflflafliflflflflDaaai 

|BBBBBBBaBHflBBBgBBBfligflflBiaiBBBBBaB| 
laaBaiBBBaaBBBaiBaaaBfiaBaiiBBBiBBBa! 

|BBgBBBBBBBBBBBBBflBBBBBBBBiaBBBgiBgl 

^^^^^^BSSEraaaEBBiBBEBBiBaBBBfliBBi 

ISSSHSSKiRSSSSSSBSSgisgaSHiSSe 

EliBiaSflBBBBiBflflflflBBHflgfiaKVBiBflfiBBBflBI 
BBB5BBBaBBBBBBBBBiaBBggBBaHB5gBBBB; 

■■■IBBBfliEsiflaBBflBflillBgBBHBMBi 


I9RM 

■BBBflilaiBHHI 

■BBBBIIf  BBMBBB 
■□BBiiiaaMaa 
BBBBBIIBBB 
mUbiIHBE 

EIIRII 

Eiisii 

L:i: 


BBBBBBBB 


bbdbH 

■BBiinm 

IBBBBBBfli 

■hbsbbr 


111 


*  d 

W  o 

a  &.J 

a>  A  a 

«  s  a 
SB  i 

4*»  O 

Jl  w  >» 
!•"? 
■g-pH 

a>  s 

w«Q  s 

fl)  PS  O 

fc,  I  +* 

®  ©  <3 

SSw 

J3  •  . 
t”  I— . 

or 

CO  « 


SRR 


■aflBBBBBBBBB I 
iBBflBBBBiifll 

EiBBflflBs' 

^HiaBBBBflBEflBI 

aBBaBBaBBaaBBaag I 


©  o 

xi  ^  eq 

9  O  O 

a  .  • 
>  o  o 

BUM 


s 

o  o 

fj  »H 

2  4J 

Sou 

sag 

«■  a 

Q.  m  -O 

Sort 

3  u  o> 

«  <u  a 
a  M  o 
4>,  nf  u 

HO  U 


HBBSBBBBBBBgl 

WBaiaiflaiBaBI 

iiaaBaiaalaflal 

IsshsBsisis 

RggSRRRgpplfi 

■aBBBBflflflBBflflC33cg| 

S9SS  SlSS9SSSS»  rIb 

□BBaaBflflBBBBgBBBBHBBg 

BBbbbbIbbbbbBbbbbbbbI 

. ■gflBBHflBgflBaflHBgflBBflg 

■■■BandtiSBin 

BHiiiaiaiiiBBiBBBBBBBBBBBBMBBBaBBBBBBBBBBBBilMM 
IflBBIflBBBBflflBBBBBBSlflBBflBfiflBiBBBflflflflflflBMii^^^^l 
!ii  8i  ii  ii  ii  n  iaja 

RHgBHBHHRHgRiggRSHRRSa 
RgRRURjl 

IBSgRaBiliHuRBBlBRnllBHgMBBBgBBflBfBgnRB^I 
|BflflfiflBBBBBgBBBBBBBflBflflBllflflBflBBBBiEBBBiRBiflBBIl5^| 

■■■IBEIflBiflt^lIBBBiBIBBB'lflBBBflBBflBBflflBIBflBflSginiiB 

HRSSMiliHfiMBfiRfiSURBBflflflfliRBBiBBRl 

HBflaiBBfltjS  ■  IBBIBB 
■■■BaaiiBaBaaaaaai 
ffBBBBBBBBBUBBBnBBflBBBBBBBBBBBBBBKaB^ 
i  IBiiBBBri  ISK1  I  BflBBBiiflBflgflflflfll 
wbb'|bb0bbibbbbbbbbBBbbbbbbbbH 

SnBBBBBflBBBBBaBBBBiBinfliiBIBBl 

■BrjflflBaBBBflBflBflBflBBBBBBBBBflill 

Ibb;,ibbbbbbbbbbbbbbbbbbbbbbbbbbb 
ErJiBBBEBHniflBflBBigEflBBliiBBg 
EoiBiBBBgBHflEBBflBflBiBBBBlilBBi 
riliEBBiBlflBBBflBBBBBflBBiEEflBi 
MEgBEBBBBgBBBBHBBBBBBBBBBBBBM 
■■MHBBIIBflBaBflBaiBBflBBBBflflil 
■RBiBpBBaBBBaiifliflBBBBl.il 

EBBBiEiaflaflaEBaBBBBBBBflBa| 
^^^^^^^^^^^^^■■iBBflBiBBflBBBBBBflflflBiaflBBBfll 

iWHBRgB^RBSBHRBBHBBBRBBRgRggRRaB 

flBBBBflflgBflflflfl| 

■iajiHaixSMHSMNi 


IBB 


iiRggggpggRS 

llipilllllll!!!! 


■IBBBBJPMPHMM 

■BbBBBBBBBBHBBBBI 

BgggggRggRgggi 
SBRSBSRRR1 


kapi 


IBBBI 


i  ajeunm 


\  100  200  300 

Surface  Finish  (rms) 
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Figure  33,  Tensile  Strength  Versus  Volume  for  Notched  and  Unnotched  Alumina  Specimen  with  Volumes  of 
Notched  Specimens  Based  on  "Disc  Volumes" 
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Figaro  34.  Contour  Map  of  Stress  Distribution  in  the  Vicinity  of  the  Notch  for  a  Notch  where  K*  ■ 


Tensile  Specimens  with  Nominal  Stress  Concentrations 
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Figuro'33.  Tensile  Strength  Versus  Volume  for  Alumina  Specimens  vdtb  Volumes 
of  Notched  Specimens  Based  on  "Damage  Stress" 
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TABLE! 

ULTIMATE  TENSILE  STRENGTH  FOR  UNNOTCHED  ATJ  GRAPHITE  SPECIMENS 


Loading  Direction 


With  Grain 


Temperature 

“F 

Specimen 

Bulk 

Density 

gm/cc 

Stress 

Rate 

psi/sec 

Ultimate 
Tensile  Strez 
PSi 

70 

A -£0-2 

1.724 

325 

! 

. 

4130 

70 

A-m-5 

1.753 

325 

3820 

70 

A-c-8 

1.743 

,  325 

4380 

70 

A-l-7* 

1.734 

325 

3830 

70 

A-m-9 

1.7S1 

325 

3620 

70 

A-e-11* 

1.758 

- 

»■ 

70 

A-m-12 

1. 7?7 

325 

3900 

70 

A-i-14 

1.722 

325 

3270 

70 

B-m-2 

1.717 

325 

3420 

70 

B-c-3 

1.729 

325 

3480 

70 

B-c-4 

1.758 

325 

4470 

70 

B-m-5 

1.748 

325 

4400 

70 

B-e-8 

-  1.747 

325 

4840 

70 

B-m-9 

1.735 

325 

3530 

70 

’  B-e-11 

1.748 

325 

4020 

70 

B-in-12* 

1.737 

325 

3800 

70 

B-c-13 

1.715 

325 

3680 

70 

C-e-1  * 

1.709 

70 

C-rc-2 

1.704 

325 

3830 

70 

C-c-S 

1.704 

325 

3850 

70 

C-e-41 

1.731 

325 

3430 

70 

C-m-5 

1.725 

325 

4100 

70 

C-i-7* 

1.715 

325 

3380 

70 

C-e-8 

1.734 

325 

3800 

70 

C-m-9 

1.729 

325 

4100 

70 

C-c-10 

1.721 

325 

3820 

70 

C-e-1 1‘ 

1.733 

325 

4350 

70 

C~'m-12l 

1.723 

325 

3120 

70 

C-c-18 

1.717 

325 

4030 

70 

C-i-14 

1.709 

325 

3560 

70 

X>-m-2 

1.698 

325 

3600 

70 

D-tn-5  * 

1.718 

- 

- 

70 

D-c-3 

1.710 

325 

3370 

70 

D-i-7 

1.707 

325 

4130 

70 

D-m-9 

1.723 

325 

4100 

70 

P-m-12 

1.722 

325 

4380 

70 

b-c-13 

1.715 

S25 

4330 

70 

y.-n-l 

1.693 

325 

4000 

70 

E-m-2 

1.691 

325 

3190 

70 

E-c-3 

1,608 

325 

4200 

78 

E-m-5 

1.707 

325 

4180 

70 

E-c-6* 

1.701 

325 

3779 

70 

E-l-7* 

1.699 

325 

3480 

70 

E-e-3* 

S.  716 

325 

3600 

70 

E-m-9 

1.712 

325 

4420 

70 

E-m-12 

1.717 

325 

4100 

70 

E-l-14 

1.702 

323 

4100 
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TABLE  1{C0NT) 


Loading  Direction 

Temperature 

*F 

m 

Bulk 

Density 

gm/cc 

Stress 

Bate 

psi/sec 

Ultimate 
Tensile  Strength 
psi 

70 

F-e-1 

1.630 

325 

3200 

70 

F-m-2 

1,687 

325 

3820 

70 

F-e-4 

1.703 

328 

<100 

70 

F-m-5  ( 

1.701 

326 

3<S0 

70 

F-c-6 

i.eos 

<r  <£ 

m 

70 

F-l-7 1 

1.699 

325 

4290 

70 

F-e-8 

1.708 

325 

3380 

;  ' 

70 

F-m-9 

1.712 

325 

<500 

70 

F-e-.U 

1.721 

325 

4230 

70 

F-m-*12 

1.715 

325  - 

4160 

70 

F-l-14 

1.702 

325 

<000 

70 

G-nb-2 

1.630 

325 

3789 

70 

G-c-S 

1.689' 

325 

<290 

- 

79 

G-e-4 

1.700 

325 

3520 

70 

G-c-6 

1.6S8 

325 

4230 

' 

70 

GHMT. 

1.698 

325 

43VA 

70 

G-e-8 

1.703 

325 

3240 

70 

G-m-9 

1.707 

325 

4440 

70 

G-c-10. 

1.703 

325 

4280 

V 

70 

G-e-11 

1.715 

- 

- 

J 

70 

G-m-12 

1.731 

325 

3500 

70 

C-c-13 

1.703 

325 

3780 

- 

70 

G-i-14 

1.702 

325 

<000 

70 

H-e-8* 

1.7105 

Av 

(rage  |5S 0 

<000 

H-e-1 

1.633 

325 

4300 

<900 

H-m-2 

1.680 

325 

5400 

<000 

H-e-4‘ 

1.719 

325 

6250 

<000 

H-m-5 

1.718 

325 

6400 

<000 

H-c-6 

1.713 

325 

4720 

, 

<000 

H-c-10 

1.712 

325 

5900 

• 

<000 

H-m-12‘ 

1.-7018 

325 

Av 

<330 
srage  5125 

6000 

H-c-3 

1.695 

325 

6450 

6000 

IM-71 

1.703 

325 

6700 

6000 

H*ra-9 

1.712 

325 

6700 

6000 

H-e-11 

1.703 

325 

6100 

50tH> 

H-c-13 

1.702 

325 

6350 

6000 

H-i-14 

,  1.704 

325 

Av 

7100 
:rage  S'543 

1  Specimen  failed  outside  of  the  gage  section, 

2  Specimen  inadvertently  broken  during  handling, 
21  Specimen  borken  during  machining. 
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TABLE  2 


RESULT  OF  NOTCHED  GRAPHITE  SPECIMEN  TENSILE  EVALUATIONS 


LaaCAng  Direction 

Temperature 

“F 

Specimen 

Bulk 

Density 

gm/cc 

psi 

aT 

psi 

With  Grain 

70 

2 

A-c-3»n 

1.716 

70 

A-e-8-n* 

1.764 

- 

TO 

B-c-3-n 

1.735 

1730 

70 

D-e-l-n 

1.704 

1830 

70 

D-c-3-n 

1.693 

1780 

70 

D-e-4-n* 

1.729 

- 

70 

D-e-8-n 

1.729 

1610 

70 

•  D-c-10-n 

1.715 

2020 

t 

70 

D-e-ll-n* 

1.732 

- 

70 

D-i-14-n 

1.709 

2170 

70 

E-c-10-n 

1.708 

1560 

70 

E-e-ll-n 

1.724 

1650 

70 

E-c-13-n* 

1.708 

— 

70 

F-c-13-n 

1.706 

1760 

Average 

Vrn 

5390 

4000 

A-c-10-n 

1.737 

2330 

4000 

A-c-13-n 

1.732 

2130 

4000 

B-l-7-n 

1.729 

2320 

4000 

B-c-10-n 

1.733 

2180 

\ 

4000 

B-i-14-n 

1.727 

2320 

4000 

C-c-6-n 

1.715 

2540 

4000 

E-e-4-n 

1.717 

2130 

4000 

F-c-10-n 

1.711 

1880 

. 

4000 

G-m-5-n 

1.700 

2300 

Average 

223J7 

33317 

SOOO 

A-e-l-n 

1.728 

4110 

5000 

A-e-4-n 

1.773 

4130 

5000 

B-e-l-n 

1.716 

3460 

5000 

F-c-3-n 

1.685 

3820 

5000 

G-e-l-n 

1.6S7 

3480 

Average 

1 _ 

3800 

5700 

2  Specimen  inadvertently  broken  during  handling. 
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TENSILE  DATA  FOR  THE  NOTCHED  ALUMINA  SPECIMENS 


Stress  Concentration  Factors 


Specimen 

Size 


K  s  3 

Kt  6  .  - 

Ks8 

Condition  of 

°n 

,5s 

crr 

% 

Notch  Surface 

Specimen 

„  psi 

Specimen 

.  pal 

pat 

Specimen 

pal 

Polished 

1  790-1 

13,500 

20,600 

790-L 

13,800 

21,200 

790-J 

16,200 

-8  rros 

800-35 

20,200 

31,100 

774-30A 

14,000 

21.400 

774-32 

11,600 

790-L 

73,400 

>35,800 

826-42 

15-900 

24,400 

790rM 

S3. 600 

828-41 

16,100 

24,600 

826-44 

13,100 

20,000 

800-38 

11,500 

774-33 

16,900 

25,800 

790-M 

13,600 

21,300 

774-30 

10,200 

826-44 

17,100 

26,200 

790-1 

12,100 

.18,500' 

828-42 

10,700 

774-32 

19,700 

30,100 

774-33. 

10,100 

16,400 

826-43 

12,600 

Average 

18,130 

27 

826-43* 

iSTSTff 

50 Iff 

774-33 

m 

Standard  Deviation 

3,230 

4,980 

1,010 

2,800 

2,040 

fc*18cl 

;nt  of  VarlxUoi 

0.173 

0*179 

0,137 

0.137 

0.168 

Polished  770-2 

-8  rins  808-23 

770-2 
808-1PV 
826-47 

m-r- 
826-80 
300-37 
•  770-2 

Average 

Sta'a'ord  Deviation 
Coefficient  of  VcrlaiiO! 


As  Ground  828-41 

~25rraa  790-L 

800-35 
774-32 
800-35 
820-48* 
790-1* 
760- A* 
790-M 

Average 

Standard  Deviation 
Coefficient  of  Variatio 


As  Ground 
~25  rma 


;29>700 
.  26.800 
29,400 
76,900 
30, 500 
30.300 

32.800 

27.800 

29.600 

1,970 

0.087 

i. 28, 400 

29.600 
28,100 
28,000 
28,100 


171600  27,200 

fOR)  28,230 
402  ,  781 

X.m  0.026 

13.800  1,25.000 

lf,.7»  |  26,100 
12,600  19,600 

S7i«i»  i  27,400 
iMOS  j  13, 600 
US.m  25.800 
14,000 

17.800  {  27,400 


Average  ISv^iS  !  2i,9i)0 

Standard, Deviation  1,  TtV),  (  2, 720 

Coefficient  of  Vafiatie  i  0  173  {  0,110 


774-29 

790-J  . 

828-41* 

808-lB 

800-32 

800-31 

790-K 

800-34 


808-42 
790-D 
774-25 
828-53 
774-25 
808-11 
828-53* 
808, 9T 


f  o-  <>®  : 

^  v  if'  ?  3 

k:f< 


?  *  i  \ 


1.  Specimen  slipped  in  grips  before  failure. 

2.  Specimen  pulled  out  of  grips. 

3.  Strain  gage  was  attached  to  spoolmen. 

4.  Bearing  bottomed  during  run. 

5.  Specimen  failed  outside  the  notch. 

6.  Specimen  Inadvertently  broken  while  being  placed  fa  load  train. 

7.  Lost  zero  on  recording  equipment. 


TABLE  5 


ALUMINA  TENSILE  DATA  FROM  UNNOTCHED  TENSILE  SPECIMEN 
FOR  SURFACE  FINISH  STUDIES 


C' 


Condition  of  Specimen 

Specimen  Number 

Surface  Finish 

rms 

Tensile  Strength 
psi 

Polished 

758-1 

-  '  -  - 

•  6-8 

36, 000 

~  8  rms: 

758-4 

8 

38, 000 

.  '  <>  ** 

758-9 

6-7 

36, 000 

810-27 

4-6 

39;  300 

<  830-G 

6-8 

40, 500 

Average 

3S70UO 

■  °  ^  As  Ground 

* 

,»>.  ~  25  rms 

758-5 

27 

40,300 

, 

758-6 

23 

41,  800 

* 

758T-7 

23 

35, 000 

810r30 

25 

40, 800 

810-28 

25 

37,  700 

Average 

39,100 

TABLE.  6 

ALUMINA  FLEXURAL  DATA  FOR  UNNOTCHED  SPECIMEN 


Condition  of  Specimen 

Specimen  Number 

Location  of  Break 

TensileStrength 

(Flexural) 

psi 

E  in  10“ 
psi 

Square  Corners;  As 

792-0 

Mfdspan' 

31,900 

55.5 

Ground 

774-27 

Midspan 

35, 900 

54.0 

~25  rms 

766-18 

Midspan 

39, 100 

— 

788 -8‘ 

Load  Point 

35,809 

- 

792 -W 

Load  Point 

32, 500 

- 

Average 

w 

Square  Corners; 

794-28 

Midspan 

35,300 

52.3 

Polished 

788-5 

Midspan 

37,400 

49.8 

—8  rms 

794-25 

Load  Point 

43,800 

790-H 

Midspan 

34,700 

768-6 

Midspan 

30,000 

Average 

SBTSSS6 

Round  Corners;  As 

774-26 

< 

Midspan 

35,000 

69.2 

Ground 

764-12 

Midspan 

26,100 

48.0 

~  25  rms 

766-8, 

Midspan 

38,500 

794-24 

Load  Point 

40,000 

792-T 

Midspan 

33,200 

Average 

34, 569* 

Round  Corners; 

794-31 

Midspan 

28,600 

45.3 

Polished 

794-24 

Midspan 

38,000 

47.0 

~8  rms 

856-8 

Midspan 

29, 200 

790-H 

770-14 

Midspan 

Midspan 

Average 

40,000 

42, 800 

*Average  gas-bearing  tensile  value  was  32>  100  psi. 

aAverage  gas-bearing  tensile  value  was  32,200  psi, 

3  Average  gas-bearing  tensile  value  was  27, 500  psi, 

^Average  gas -bearing  tensile  value  was  28,300  psi. 

Averages  noted  in  footnotes  i,  2,  3  and  4  were  for  parent 
tensile  specimens  which  had  larger  volumes.  Specimens 
which  broke  in  the  radius  or  where  a  visible  flaw  was  found  were 
not  included  in  tensile  averages. 
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TABLE  7 

VOLUMES  OF  MATERIAL  IN  NOTCH  REGIONS  SUBJECTED  TO  STRESSES 
AS  SHOWN  FOR  ALL  NOTCH  SPECIMEN  CONFIGURATION 

SMALL  SPECIMENS  (NOMINAL  DIAMETER  =  0.250;in.) 

VOLUME  IN  10 “?in. 3 


\> 


o 

o 


c 


o 


LARGE  SPECIMENS  (NOMINAL  DIAMETER  »  0. 625  in. ) 

VOLUME  IN  10 ”2 in. 3 


^1 

B 

2.0 

2.5 

a 

4.0 

3 

1.38 

0.44 

, 

5  .. 

2.27 

0.51 

0.23 

0.15 

8 

2.11 

0. 59 

mm 

0.12 

0.035 
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APPENDIX  A 


•' 

S@ 


{> 


GENERAL  STRESS-STRAIN  EQUATION  IN  CARTESIAN  COORDINATES 
The  equilibriam  conditions  are 


9or 


x 


a  v 


ax  + 
a  r 


2E2_ 


3y 


xz 


3y 
acr. 


2L.  ”2 
dx  +  9y 


ay 


xz 


ay 


3x 


25_ 


ay 


+  a  z 
9yyz 

+ 

a?z 
+  a  z 


=  o 

=  o 

=  o 


(l) 


Using  Hooke's  Law  the  relations  between  the  stresses  and'  strains  are 
given  by  the  equations 


4  ax  -  i 

|E  x 


m  (ay  + 


°A 

■[7  °y  -  4>  «t  +  ax  )] 

=[i  *  5T  K  +  °y)J 


xy 


Grxy’^yz  =  G  Tyz*  P zx  =  g  Tzx 


(2) 


The  cubical  dilation  is  defined  to  be  the  sum  of  the  principal  strains,  and  it 
invariant  under  coordinate  transformations  so  that 


ex  +  ey  +  es 


(3) 


Using  equation  (2)  this  may  be  written  as 


=  i  (1  -  +  °y  +  °z) 


(4) 
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Consider  the  equation 
e  -  JL 

ex  -  £- 

1 
E 


~  W  +  °z )] 

^  +  nT^  ffx  ~  *m*  ^  +  ffy  +  ^  z^j 
=  ~  (1  +  A)  <7X  -  4r  —  6 


(i  -  JL ) 


m 


or 


E 


Now  G  s= 


■(1  +  m ) 

E  , 


n  *e*  + 


=  2.G  (e  y  + 


Also  ffv  =  2G  (ev  + 


<rz  =  2G(e-  + 


x  '  m  -  2 
e 


m  -  2 


.-  '3 

ra  -  2 


m  -  2 
so  that 

) 

) 


) 


(5) 


(6) 


Let  § ,  rj,  and  S  be  the  displacements  in  the  x,  y,  and  z  directions, 
respectively.  Then 


*x 


xy 


II 

9x 


.  .  In 

■y  ~  ay 


>  ez  = 


aj_ 

8z 


an  as 


aS  3q 


3x  +  ay  *  Vyz'  =  9y  +  8Z.  '  V zx 


as 


(7) 

as 


a  is  a  x 


Using  these  equations  along  with  equation  (2)  and  (6)  and  substituting  into 
the  first  equilibrium  equation 


8(7, 


a  x  8 


IIsl  ®na.  n 

a  t*  a-  -  v 


8z 
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yields 


a2g 

92? 

32£ 

9  x? 

+ 

gy2  + 

9P"  + 

A£ 

m 

9  e 

+ 

m  -  2 

9  x  = 

Aq 

m 

9  e 

+ 

m  ~  2 

3y 

A5 

1 

„  m 

9e 

T 

m  -  2 

9z 

9 

9  x 

0 

0 

0 


/  9  £  9  rj  d£  v  2  9  e 

'  9  x  +  9  y  +  3z  '  +  m  -  2  9x  = 


(8) 


where  e 


9g  [  9q  ,  9g 
9x  9y  9  z 


To  solve  equations  (8),  let 

-  inf  +  2*^ 

2G  -  +  2of02  (9) 

V 

2GJ  =  ^  +  2«0S 
where 

F  is  a  three  dimensional  stress  function 
or  is  a  constant 

0i*  02*  and  0s  are  harmonic  functions  of  x,  y,  and  z 

The  relation  between  the  stress  function  and  the  harmonic  functions  can  be 
shown  to  be 


(2-l)AF  .  2*i§fr  ♦  »♦»> 


20, 


20,  .  20, 


m 


(10] 


Let 


F  =  ;0O  +  X0J  +  y03  +  Z03 


(11] 


where  0O  is  a  harmonic  function 


Then 


F 


2(§f* 


♦&> 


(12) 


so  that 


*  ■  2»  -  i> 

The  stresses  may  be  written  as  follows 


3  F  8  F  ,3  0, 

3y  *  d  z  +  '  8  x  o  y 


90^ 

a 


a  0< 

9z 


)  etc. 


xy 


ySf-  ♦•<“«.  +  1^!  etc. 
0x9  y  3  y  3x 


(13) 

(14) 

(15) 


It  can  be  shown  that  one  of  the  four  harmonic  functions  (0O,  0t,  02, 
and  03)  may  always  be  set  identically  equal  to  zero.  It  is  immaterial  which 
of  the  four  is  used. 


TWO-DIMENSIONAL  STRESS  PROBLEM 
F  =  0O  +  X0i  +  y02  +  Z03 

Immediately  set  02  =  0.  Now,  so  that  F  =  F  (x,  y)  only  03  must  be 
identically  zero.  Hence 

F  =  0O  +  X0j 

where 

0o  =  0ote'  y) 

0i  =  0t(^.  y)  (16) 

Then 

2GS  *  +  2a  0X 

9x 

2G4  =  rig, 
a  y 

5=0  (17) 
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Now 


AF 

so  that 
■C  z 


AF--  =  2-q]^ 

AF*  -  -J-  AF*  =  (1-|*)  AF' 

Iaf'  =  i  <^  +  <V) 


(25) 


(26) 


The  above  relationships  for  the  stresses  0 rx.,  Oy,  and  yXy  can  be 
shown  to  be  valid  for  the  plane  stress  condition  also*. 

Then  the  initial  equations  for  a  two-dimensional  sresss  problem  are 

F  =  0O  + 

where 

0o  =  0o<x>  y) 

01  =  0i(x,  y)  (27) 

and 

A0O  =  A0X  =  0 

The  boundary  conditions  for  a  nonloaded  boundary  in  two  dimensions 
are  expressed  by  the  relations 


dF 

Bx 

a_F 

9y 


=  constant 


=  constant 


(28) 


CURVILINEAR  COORDINATES 

In  many  problems  it  is  more  convenient  to  deal  with  a  curvilinear 
coordinate  system  rather  than  a  rectilinear  one.  This  is  especially  true 
when  dealing  with  bodies  that  have  a  curved  surface.  By  using  a  coordinate 
system  whose  coordinate  lines  and  planes  outline  the  body  under  consider^ 
alien,  it  is  generally  easier  to  describe  and  satisfy  the.  pattern  of  the  stresses 
which  act  on  the  surface.  This  discussion  will  be  limited  to  orthogonal 
systems,  since  they  are  simpler  and  are  the  most  commonly  used. 

Consider  a  set  of  three  independent  functions  of  the  Cartesian  variables, 
x,  y,  z,.  implicitly  defined  by  the  equations 

,x  =  x(u,  v,  w) 

"  y  *  y(u,  v,  w) 

z  =  z(u,  v,  w)  (29) 

Then  the  intersections  of  the  survaces 
u  =  constant 
v  =  constant 
w  =  constant 


pair  by  pair  determine  the  coordinate  lines  of  the  curvilinear  system,  and 
the  intersections  of  the  coordinate  lines  determine  a  point  (u,  v,  w).  The 
u-direction  is  understood  to  be  the  direction  normal  to  the  surface  u-constant 
and  positive  in  the  direction  of  the  increasing  values  of  u.  Similarly  for  the 
v  and  w  directions. 


Deformation 


P 

‘  6 


« 


The  displacements  in  the  u,  v,  and  w  directions  will  be  labeled  U,  V, 
and  W,  respectively.  In  terms  of  the  x,  y,  z  displacements  1 ,  17,  and  S , 
the  U,  V,  and  W  displacements  are  given  by 
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__  fix  ’  °3;.y  »3zv 

-  «u  ®;tt  »;u  ,  3u. 

O  A  **  >C"  ** 

1  ./fix  3y  '3z  .  " 
v  -  hj<5s7  +  Tv  +  5?7> 


hy  '5'd»v  +  3;v  X, 53/ 

w  =  ± tel*  .-M'S**.) 
■'  hw  fiw  3  w  -  3  w 


where  0  • 

.  '  '  i\,  _  (£*f  .  (1X/  .  (iXy2 
hu  -  '  W  *  \3  u '  +  l9u; 

1  .o'-*  *  o 

•>’  •  =’<fv)'+  (T^>' +  (W): 

:  V  '■  #a+ 


These  hrs  are  sometimes  referred  to  as  "factors  of  distortion."  The  strains 
eu,  eVj  and  ew  can  be  shown  tq  be  given  by  the  equations 

<  '  '  c  i 

JL  ,  3JJ  X  &hu  w  9hw. 

'  Cu  ”  hu  fiu  +  3y  +  hw  fiw 

>  ..  * 

,  -  '  ,  *  1  _  1  /  U  3  hv  3  V  X  dhv\ 

.•  v  "  hv  'hu  3  u  fi  v  hw  3  w ' 

v  ■  » 

S'  9  JL  (JL  ah-W  4-  X  9hw  +  iW)  (32). 

.  w , ,  V  hu  TT  +  \  TT  +  a  W '  w  ' 

and  the  shearing  strains  are  given  by 


7uv  = 

hu 

hv 

3 

3  v 

hu  hu  au 

hv 

7  vw 

hy 

hw 

3 

3  w 

(V  );+\j_ 

hv  f  hv  3y 

_(  w 

^hw 

7  wu 

hw 

hu 

3 

3U 

(JL)  +ilL 

hw  hw 

JL( 

fiw 
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Since  the  cubical  dilation  is  invariant  under  co-ordinate  transformation,  it 
is  given  simply  as 


e  =  eu  +  ev  +ew 


Stresses 


By  Hooke's  Law  the  stresses  are  given  by 
ffu  -  2G  (eu  + 

m  -  » 

<7V  *  2G  (ev  +  e  <  ) 

-  '  5TT 


ffw  "  2G  (f  +_e  ) 

m  -  2 


T  uv  UV  1  T  vw  ®  ^  vw  *  *  wu  ~  ^  ^  wu 


Consider  now  the  calculation  of  the  stresses  in  terms  of  the  stress  function 
F  and  the  harmonic  functions  $a,  and  Using  equation  (30)  and  (9)  we 
can  write 

+  If  +  ) 

2GV  ■  f-lf  *  2„  (♦,£  ♦  ♦»  |f  +  ♦.ii) 

•4  a  -n  _  _■  * 


«  If  8  f  a  x  a  y  8  z  1 

2GW  r-Q  w  +  2o-  (^,gw  +  $a  8„w  +  0s8w',V|  (36) 

Now  from  the  first  equations  of  each  of  the  sets  of  equations  (32)  and  (35) 

+hur  [  Tv  +  2a(0ifr  +  02  +  0s  Ivl]  It  +h“a[‘i 
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This  may  be  written,  as 


%_  8  ,  1  S_F»  1  &F  8hu  1  8F  8hu 

au  “hu  9U  -hu  8u' “huhv2  ay  8y  huhw2  gw  8w 


2a_A  3£,  8y  Vafla  i£_  x 

hu2'au  au  gu  8<u  au  au  ; 

,  o  jl  /  JL  _£_  z1  a*  x  1  9  hu  a  x  i  ahu 

+  ^Mhu  8u  Vhu  a-ui+'I^V  av  &V  +H?iw28w' 

.  9  a  )  *_§_/_*  ay  x,  _L  ahu  ay  .  JL_  9  fa 

+  2a  <p a\H^  au  ^  hu  Su  '  +  huhv2  av  8v  +  huhw2  aw 

_  jf  i  _a_  i  a  z  i  a  hu  az  i  a  hi 

+  2o-0sU[^"  8u  (hu  8 u  )+E^h^  gv  8v  h^2  aw 

2Ge 
+  m  -  2 

*  '  <  > 

a  -  lirs  +  l2*  (#k-  ill  12.) 

au - 1  &%2  +  hu2  vgu  a u  +8u  gu  au  a  u) 

+  2a  (0X ~2  +  02  +  0s  ’il®!+ 

yi  8T?u  y2  arju2  ya  arr?'  m  “2 

2  1  * 

Now  2Ge  =  )  AE  and  -jjj  =  1  -  4y-  so  that 

\  »  -v  0 

^T2  =  (1-f)AF  (37) 


a  _  +  2a  /B_02_  ax  +  aj^  ay  +  80*  a z  x 

u  ’  9 ’Tu2  hu*  9u  9 u  8 u  9.u  3u  au 


.  a  x  ,  a  -y  ,  ,  a  -z  v  «  .  , 

ki  8?)^  +  an„2^+  *  ”  2  )A* 


where 


9  _  1  8  /  1  8  \  t  X  8  hu  3  +  1  8hu  3 

Shu2  hu  8u  hu  8  u  huhva  8v  9v  huhw2  $w  gw 


ahu  8 


Consider  the  special  case  where 


0X  =  constant  =  C 
0o  =  -  xC 


02=0 

03=0 
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saafeaa&iiflu 


i  111. . 


’  t 


.  >v  \ '  O  i 

o,  >. 


Then  F  =  0O  +  +  y 02  +  z0s  =  0 

-SF 

2G  |  =  -g—  +  2  a  0 1  *  2oC 


'  i  r 


rj.O 

5  *  0 

All  points  of  the  body  are  displaced  in  the  same  direction  for  the  same  distance* 
There  are  no  stresses  or  deformations;  hence  from  the  above  the' coefficient  of 
must  be  zero,  that  is 


a*x 

an? 


=  0 


In  a  similar  manner  it  can  be  shown  that 
Hence 

dF 

anu' 


ii 


8  Hu*  must  also  be  zero. 


82z 


{MS- + ft-  ft  ■ *  {ft  ft  <*» 


An  identical  procedure  to  that  used  above  can  be  used  to  show 

li  +  aii Mi.  8£_)  +  (1--J-UF  (41) 

u  &r)vs  h^  lTv  Sv  8v  3v  &v  8v  1  u  T7  ■  v 1 

ow  .  -Jps  +  j%.  (Ml-  M.  +M*.M.  +Ma_  Al)  +  (1  -|-)AF  (42) 


and 


a2F 


hw 


uv  - 


a 


3 w  gw  8w  8w  8w  8w 


■( 


_  ix  +  80f  0x,  +  802  8y  +  S0g  8v 

ShuSiV  h^'au  3  v  8  v  QU  ©u  8v  8v  ©u 

(43) 

30-  8y 
8  w  8  v 


3  z  +  30*  3 z 
3  u  8  v  B  V  8  u 


_8aF 

«•  - - —  - 


i  3*  +  3 x  4.8 0g  9y 


vw  "  8 hv3nw  V8V  8w  3w  8v  9 v  8w 

.  8  0a  3z  80s  8  z  \ 

+9v  8w  3w  0v 


(44) 


8aF 


_ +  _1_  /  3^i  3x_  ^.8.0!  3x  +  80j  9v  +  81^  8y 

wu8  8rjw3ilu  hwhu  '  8  w  3u  au  3w  8w  aT  8u 


80 


a-  iL.  l±.) 

v  d  *  ft  ft  im  ' 


8  w  3u  8  u  3w 


(45) 


where 


a  -  a8 _ sl£(li)  1  1  8hu  a 

8r?u8i?v  m^Vxx  \  3u  h^  8v-  hu*hv  8vgl 

i  _§L  (  1  S  *  _  1  -  3hv  8 
=  hy  8  v  v  E^“  8  u  '  “  hu  hy2  0u  8v 


hv  #  1-  JL*  h«  JL  i  1  -L.  x 

s 2hu 8 u  'Ti^r  ay)  +gh7"  8v  ^ET'au  { ™ 

with  cyclic  permutations  in  u,  v»  and  w. 

To  determine  the  form  of  the  operator  a  use  equations  (30),  (32)  and  (34) 
to  obtain  *  ’ 

2Ges»(|X  +  l!L+  (Mili+Majy. +iii.  ±L) 

.  3  Hva  hua  ^  8u  8u  8  u  §  u  3u!  8u 

.  *h.  iZ  +  M^-ay.)  +  2a  ( A lii+M?  ay 

+hv2  8v  3 v  +  8v  3 v  +  Qv  3v  '  h^5  k  8 w9w  8w  8w 

,  .  .  80s  ~3  z 

8w  aw  (47) 

From  equation  (9)  it  can  be  shown  that 

2Ge  s  -AF+  2or  ( )  (48 ) 

By  equating  terms  that  do  not  contain  a  one  obtains 

AF  MX  ^  &*F  4.  a -F 

Ar  s  -57T2  +  +  •  --  -a 


0*Ju8  Jfr?  ^7j$r 


This  may  be  written 


A  _  1 _  j  0  /  hvhw  3.8  /  hwhu  8  v  ,  _8  ,huhv  3  A 

hufiv^w) 0 u  hu  Tu^+0v'  hv  8v'+0w(h  8w  M  ^ 
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By  equating  terms  that  do  contain  a  in  equations  (4*3  )  and  (48)  we  obtain 

Ah  »  Z\  g  x  +  Q  y  +  Q  2 

«_L(§ijLJLH  +  &L.+AL  ilki  ax  . 

hua  a u  a u  a u  a u  a u  a u  b^* '  av"  Yv  ' 


It 

a 


'jl.M  +  +  +  H.  +  Ma  az(51) 

v  av  a v  aY  hw« '  a  w  aw  aw  aw  aw 


TWO  DIMENSIONAL  STRESS  PROBLEM  IN  CURVILINEAR  CO-ORDINATES 


In  the  plane  strain  and  plane  stress  analysis  in  Cartesian  co-ordinates, 
the  plane  stresses  were  given  by  the  equations 


82F 


ay5*  Txy  =  a Wx 


aaF 


82f 


Note  that  Poisson's  ratio  is  not  involved  in  any  of  these  relations;  hence,  an 
arbitrary  value  may  be  selected.  Choose  Poisson's  ratio  so  that  a  *  0;  This 
simplifies  the  calculations  considerably.  When  a  »  0  there  is  no  difference 
between  the  state  of  plane  strain,  or  plane  stress,  and  the  three  dimensional 
stress  condition.  Under  this  condition  z  is  independent.  It  is  then  possible  to 
use  the  expressions  for  the  three  dimensional  stress  condition  and  the  equations 
previously  derived  for  the  curvilinear  co-ordinates  except  that  the  stress 
function  F  may  be  a  function  of  only  two  independent  variables 


F  a  F(u,  v) 


(52) 


The  equation  for  the  transformation  from  rectilinear  co-ordinates  to  curvilinear 
co-ordinates  are 


x  a  x(u,  v) 
y  -  y  (u,  v) 

z  *  w  (53) 


Then 


s  JL  §£.  +  1  a*  8F 

Sx  hu51  Du  Du  hva  Dv  Dv 

1  /jTx  jU?+J>x  8F  \ 

=  1?  '  Du  Du  3 v  g v 

—  =  JL  ii.  “|F  +  \1_  Dy  dF_ 
Oy  hua  /0u  3u  hy8  8  v  Dv 

.  1£  +  Dy  8F\ 

-  V  v  Du  8u  Dv  37 


(59) 
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where 


=  constant  and  *LF  =  constant  along  an  unloaded  boundary ^ 

ay 


The  A  operator  takes  the  form 

i 


a _ L  _JL  ( hv  s>_ » j.  jl_  ,  bu  a 

•"  huEy  g  u  '  hu  8  U  '  '  8  v  '  hv  8v 


if  a2  a3 
•par -  r?  +  Dp 


(60) 


and  the  equation 

A0  «  0 

is  the  equivalent  to 

.  j±  ,« 

8u2  8  va 

which  simplies  the  task  of  finding  the  harmonic  functions. 
Shallow  Circumferential  External  Notch 
For  the  mathematical  treatment  let 
x  =  r  cos  9 
y  =  r  sin  0 

« 

z  =  u 

Then  har  =  1,  h3^  =  r3,  and  hw2  =  1  and  the  A  -  operator  becomes 

A:-|?r+T-^ 

Then 


(61) 


v  .  l  a2  +  a2 

r  Sr  *F"aF2  a£2 


AF  s  2(  g  cos  9  +  sin 0 )  +-^ 


(-r  sin  9)+  ||a.(r  cos  9  ) 


8  9  ' 


=  2 
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ar  cos 


.  Ms  _in  Mi.  sin  5  8^  cos# 

v  +  gr  sm  y  -iTa  r —  +  “ — 


+2!^ 

8t> 


■] 


a  9 


80 
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s“3»»uS«KJJ! 


and 


-JL_oJtL.  8a  .18  la*  aa 

9r  91,0  r  8r  +  ~rs’ op"  »  pj£,a  =  T~rpi 

a*  a  l  g  a  a  t  # 

:8r  {~  W  ’SHWrm  a  T~  4bS  ' 


-  -  9 
,r?r  8r3w 


so  that  the  stresses  become 


^  ftp 

aK  =  -|j5  +  2af^?“Cosa+Jisin0)  +  (l  „^.)AF 

<j;s  -4r  A  9F 

0  “  ^  Jp  ‘  *F 


+  U-f*)AF 


ST  +  “pr  Lp^  0+4|^r  cos0). 


%s“^  +  2^(l-f)AF 


r0 


8 


(A  J*iL ) + js.  (- Jt&x. 

r  T.  a  a  ■  r  1  ■=“* 


+-f|*-cos  0) 


||l  rsina+ML.  cos  0  +MaLr  cosa 

Or 


W  *  "T  ^SSu  +  T  (  r  sin-0  + 

*  O'M 


r  cos  a  + 


Twr 

Consider 


0*F 


arOa 


«(Ma. 


a^1-  cos  9  +Ma.sin  9  +  00,  ) 

a «  £4,  Or  ' 

now  a  pure  tensile  load. 


F  =  0o  +  x  0*  +  7  02»  +  z  0, 


where 


£  i  *  0i  (x,  y*  z)  i  «  0,  1,  2,  3 

Arbit^au-ily  set  f  t  a  0  since  only  three  harmonic  functions  are  needed  Th™ 
0  because  of  rotational  symmetry.  e  needed.  Then 


F  a  0O  +  Z  $ 


9 


BO 


'  r  0  *  £o,+  * 

^  *  F  r  $o’  +Qr  ^s*  +  u~-£-  ~  F*  +  $s’ 

?  ,  0  '  o' z 

<;where  fo*  s  $<>  (r,«  ) ,  $s5  «  £s*  (r,w ) 


Becau£&  the  notch  is  shaHowj  the  dimensions  in  the  r  and  u  directions  in  the 
vicinity  cf^the  notc^  are  small  when  compared  to  r  itself.  Then  relatively 
speaking -—s  and  arr  small  when  compared  to  the  other  magnitudes. 

Assuming  —  and  ___  z  *e  small,  the  A  »  operator  becomes 

«• «  -  ..  v  r* 

c.  .v* .  •  »«* 


Then 


^  AF  *AF'  +  a  A  0SV  a.  AF» 


Af"  -W->- A  («!%!)=  2  *||L.  - 


AF  ~  AF*  S  2  a 

a  w2  Sr2 

*  0 

The  stresses  then  become 


CTt*  a 


o,,  a 


.  a*F' 


s  i.  AF  ~l-(ar,  jw) 


Tr0  sO.  Teu  80»  ‘rur«-^~ 


These  are  the  same  equations  derived  for  the  two  dimensional  plane  strain 
condition,  and  hence  the  case  of  a  shallow  circumferential  external  notch 
reduces  to  a  two  dimensional  problem. 


'  -  ?-  -  *  , 
t  O'  0.'  ~  ~4  * 

*:* 

fo*  *■  * 
r  .  ■« 
f  •'  <?■ 

?  i.  * 


Shallow  Circumferential  External  Notch 


APPENDIX  B 


THE  FLOATED  SLEEVE  TENSILE  TEST 

.  « 

A  new  testing  technique  has  been  developed  here  in  which  a  test  sleeve 
of  either  uniform  or  varying  wall  thickness  is  fitted  with  tapered  end  plugs 
that  do.  not  actually  contact  the  cylindrical  specimen  thus  permitting  internal 
gas -pressure  loading  without  axial  or  any  other  restraint  such  as  that  imposed 
■by  a  bladder.  The  pressurizing,  gas  is  permitted  to  leak  out  the  ends  through 
a  clearance  gap  of  about  0.0005  inch  so  that  a  "gas -bearing"  principle  is  used 
but  is  now  more  properly  called  a  "gas-floated  sleeve."  During  a  run,  the 
clearance  gap  is  maintained  fairly  uniform  and  constant  as  the  cylinder  expands 
by  a  gap-positioner  that  maintains,  a  programmed  torque  oh  the  stud  connecting 
the  tapered  end  plugs.  See  Figure  1  for  a  schematic  of  the  apparatus.  It. seems 
reasonable  that  this  apparatus  could  be  modified  for  use  to  4500°F  by  preheating, 
the  gas  {it  will  take  80  kw)  and  installing  the  entire  system  in  a  furnace.  For 
biaxial  stress  studies,,  axial  loading  undoubtedly  can  be  applied  to  the  ends 
through  a  gas  film.  This  would  require  flats  on  the  ends  of  the  plugs  to  match 
the  ends  of  the  specimens.. 

Several  experimental  runs  have  been  made  on  ATJ  graphite  ( for  with 
grain  hoop  stresses)  at  70°F  with  results  as  shown  in  Table  1.  The  average  burst 
strengths  for  sleeves  with  a  40  mil  wall  thickness  were  3490  psi  and  3657  psi  for 
specimen  lengths  of  §■  inch  and  1  inch,  respectively.  The  average  burst  strengths 
for  larger  sleeves  with  80  mil  wall  thickness  were  3315  psi  and  3225  psi  for  speci¬ 
men  lengths  of  $*inch  and  3  inch,  respectively.  These  strengths  are  about  8 
to  10  percent  less  than  obtained  on  our  gasrbearing  system  where  compared 
at  equal  volumes.  More  work  is  necessary  to  explore  other  ratios  of 
dimensions  for  the  specimens  and  particularly  to  see  if  the  corners  that  exist 
on  these  specimens  might  explain  the  somewhat  lower  values. 

For  a.  preliminary  look  at  the  corner  effect  on  the  sleeves  two  cylinders 
were  made  with  80  mil  wall  thickness  over  the  center  one  inch  of  length  and 
then  an  increasing  wall  thickness  to  93  mils  at  the  ends.  This  geometry  would 
reduce  the  stress  at  the  ends  by  about  18  percent  as  compared.to  the  middle. 
Surprisingly  at  first,  the  bursting  stress  was  only  3115  psi  or  slightly  less 
than  the  value  of  3225  psi  obtained Tc?  the3  inch  sleeve  with  the  same  length 
and  a  uniform  80  mil  wall  thickness.  The  thickness  of  the  wall  at  the  ends 
was  increased  even  more  to  110  mils  so  that  the  stress  at  the  ends  was  about 
37  percent  less thah at  the  center  and,  again,  the  bursting  stress  was  3150  psi 
or  slightly  lower  than  for  a  uniform  wall  thickness, 

93 


vmm 


Note  that  both  tapered  end  specimens  provided  quits  similar  values  of  $115 
psi  and  3150  psi.  Thus  at  least  two  conclusions  seem  apparent*  The  thicker 
walls  would  hot  compensate  for  a  lower  bursting  strength  if  it  was  initiating 
at  the  corners;  and  secondly,  thicker  walls  at  the  ends  can  be  used  if  needed 
for  some  reason  without  seriously  influencing  the  bursting  strength  either  up 
or  down*  Perhaps  the  taper  would  enhance  the  strength  more  for  a  shorter 
specimen.  Recall  that,  these;  ware  S  inches  long. 

o 

X  *  ,  _  ,  '  s  ^ 

Another  few  runs  were  made  to  explore  the  difference  in  circumferential 
strains  around  the  specimen  on  the  center  and  at  one  end,  A  specimen  with  80 
mil  walls  and  3  inches  long  was  used.  Observe  in  Figure  2  that  the  edge  had 
somewhat  more  strain;  however,  this  may  be  no  more  than  differences  in 
strain  gage  readings  as  the  gages  are  quite  difficult  to  attach  to  graphite  and 
obtain  precise  agreement.  The  prior  evidence  on  the  tapered  sleeves  suggests 
that  the  edge  strain  is  not  really  so  much  higher, 

v  *  •>  . <  o,  ,  f 

In  conclusion  the  floated-sleeve  tensile  apparatus  works  quite  well  and 
provides  values  that  are  a  little  tower  than  obtained  on  the  gas-bearing  for 
equal  volumes.  At  this  time,  the  lower  value  is  assumed  a.  result  of  the  sharp 
corners  at  the  ends. 
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Figure  2.  Strain- Time  Curve  of  3”  Long  x  2"  ID  x  0.  080"  Wall  Sleeve 


I  APPENDIX  e 

FLEXURAL,  ANALYSIS  ,  .  ■  ' 

Referring  to  Figure  26,  in  the  main  body  of  the  report,  it  can  be  seen  that 
the  average  MOR  of  the  flexural  specimens  appeared  to  be  15-20  percent  higher 
than  the  corresponding  tensile  values.  One  reason  for  this  could  have  been  the 
volume  used  for  th<  flexural  specimen;  however,  only,  the  smallest  tensile 
specimen  (0.001S  in;**)  had  a  strength  omparable  to  the  flexural  specimen's  MOR 
value.  ,  ^ 

More  probably  the  differences  between  the  MOR  and  tensile  strengths  are  due. 
to  the  method  of  calculating  the  MOR.  The  usual  equation. 


which  assumes  the  material  is  perfectly  elastic  ip  tension  and  compression  and 
the  elastic  moduli  in  tension  and  compression  are  the  same,  was  used. 

It  is  well  known  that  for  graphite  these  assumptions  are  not  satisfied.  The  tensile 
stress-strain  curve  for  most  graphites  at  70°F  has  an  initial  linear  portion,  then  a 
slight  break,  and  a  fiial  portion  that  usually  can  be  considered  linear.  The 
compressive  stress-strain  curve  is  usually  linear  for  the  range  of  stresses 
encountered  in  a  flexural  specimen;  however,  the  tensile  modulus  is  usually 
greater  than  the  compressive  modulus  at  70°F. 

Figure  1  is  a*  schematic  of  the  cross-section  of  the  flexural  specimen  whose 
MOR  values  are  shown  on  Figure  26  of  the  report.  The  specimen  dimensions  were 
0.250  ir,i.  by  1.000  in.  by  6  in.  long  and  the  span  lengths  were  4  in.  by  2  in.  The 
solid  Hue.  on  Figure  1  shows  the  classical  stress  distribution.  As  already  mentioned, 
the  stress -strain  curves  for  tension  and  the  difference  in  tensile  and  compressive 
moduli  would  cause  the  stress  distribution  to  change  from  this  classical  repre¬ 
sentation.  First,  let  us  consider  the  effect  of  the  two  influences  separately, 

T&e  nonlinearity  of  the  tensile  stress -strain  curve  would  cause  a  shift  in 
the  neutral  axis  away  from  the  centroidai  axis,  If  the  initial  elastic  moduli  in 
tension  and  compression  were  equal,  the  shift  would  be  toward  the  compressive 
side  of  the  beam  in  order  to  satisfy  the  relation 

J  dA  =  0  (I) 

A 
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Now  if  the  tensile  stress-strain  curve  was  linear,  but  the  tensile  and 
compressive  moduli  were  different  then  the  neutral  axis  shift  would  be  toward 
the  side  with  the  greater  modulus.  For  this  graphite,  the  shift  would  be  tow>4  d 
the  tensile  side. 

Thus,  for  a  combination  of  the  two,  the  neutral  axis  would  shift  only 
slightly  or  possibly  not  at  all.  Strain  gage  measurements,  by  this  laboratory 
and  other  laboratories  on  the  tensile  and  compressive  faces  of  graphite  and 
graphite-like  materiais,have  shown  that  the  strains  recorded  on  the  opposite 
faces  were  essentially  the  same.  This  is  as  would  be  expected  with  no  neutral 
axis  shift  and  with  a  linear  strain  distribution. 

Now  returning  to  Figure  1,  the  dashed  line  represents  a  stress  distribution 
based  on  the  tensile  stress-strain  curve  for  ATJ  graphite.  It  was  assumed  that 
the  neutral  axis  did  not  shift.  Using  the  relation  of  equation  (1)  and  assuming 
the  compressive  stress-strain  curve  was  linear,  the  compressive  distribution 
was, calculated.  Note  that  the  ratio  of  the  initial  slopes  for  tension  and  compression 
sides  is  about  1.35  which  agrees  with  experimental  measurements  of  tensile  and 
compressive  moduli.  The  applied  moment  calculated  for  this  distribution  from  the 
equation 

J  Y<r  y  dA  =  M  (2) 

had  a  value  of  45in.-lbs.  The  required  moment  to  produce  the  classical  MOB  value 
used  in  prior  Figure  26  was  48  in.  -lbs.  This  is  good  agreement.  Thus  the  maximum 
outer  fiber  stress  can  be  11  percent  lower  than  the  value  calculated  from  the  classical 
equations. 

The  above  discussion  points  up  some  of  the  probable  causes  for  disagreement 
between  MOB  and  tensile  strength  values  and  the  fallacy  of  using  a  flexural  test 
for  tensile  strength.  At  elevated  temperature  .{above  4000°F  for  most  graphites), 
the  problem  becomes  more  acute. 
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11.  ABSTRACT 

The  effects  of  notches  on  the  tensile  strength  of  brittle  materials  were 
determined  'experimentally ,  and  ithe  Weibull  volume  theory  was  used  in  conjunction 
with  Neuber  sttess  distributions  to  examine  the  results.  The  experimental 
[portion  was  performed  on  a  gas-bearing  tensile  facility.  The  primar"  material 
lused  was  hot  pressed  alumina  made  by  A vco.  The  effects  of  notches  on  graphite 
[was  also  investigated  to  a  lesser  degree. 

j  The  results  showed  that  notches  affected  the  nominal  strength  of  alumina-  con- 
i  siderably  and  that  for  severe  notches  the  effect  was  greater  for  larger  speci¬ 
mens.  The  failure  stresses  predicted  by  tfc?  Neuber  analysis  were  in  fair  agree¬ 
ment  with  the  strengths  predicted  by  the  Weibull  volume  analysis  when  the  volume 
was  defined  as  that  encapsulating  the  material  subjected  to  50  percent  of  the 
peak  stress.  It  is  postulated  that  irreversible  damage  occurs  at  above  50  per¬ 
cent  of  ultimate  for  these  types  of  materials.  This  event  may  permit  local 
stress  relief. i  At  the  roots  of  the  notches,  theoretical  strengths  of  over 
80,000  psi  wert  obtained.  Nominal  tensile  and  flexural  strengths  on  regular 
specimens  were  of  the  order  of  42,000  psi  arid  36,000  psi,  respectively,  for  the 
minimum  volumes  tested.  Evidence  was  obtained  that  the  fracture  source  may 
move  internally  on  this  material  at  surface  finishes  finer  than  25  rms. 


Notches  also  reduced  considerably  the  strength  of  graphite  at  70°F  and 
4000°F,  but  not  at  5000°F  where  the  effect  of  the  stress  concentration  was 
negated  by  the  "ductile  like"  behavior  of  the  material. 
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